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Welcome to Hewlett-Packard's High Frequency Vector 
Measurements Seminar. The measurements we will be 
discussing today relate to linear devices, components 
and networks, specifically the transmission and reflec- 
tion characteristics which can be obtained through 
using Network Analyzers. These analyzers have the 
unique capability of measuring both magnitude and thi 
phase characteristics of the DUT. The objectives of this 
seminar are to discuss various techniques for obtaining 
transmission and reflection data, how to determine the 
relative accuracy of that data, and describe additional 
information which can be provided by Time Domain 
measurements. 


This seminar comprises 5 major topics of discussion. 
The first section introduces the reasons why both 
phase and magnitude characteristics are important and 
describes the makeup of an network anlyzer system. 
The second section discusses the measurement theory 
and techniques used to obtain device characterization 
data, including a discussion of s-parameters and flow 
graphs. The third section discusses the factors which 
effect measurement accuracy, what can be done about 
them, and how to determine what the relative асси- 
racy of the measurement is. The fourth section intro- 
duces the topics of time domain measurements with a 
network analyzer, and how these measurements can 
provide more information about the device under test. 
The last section discusses a variety of devices that 
can be characterized with a network analyzer. 


We will not be discussing the details of how we use the 
analyzers in detail, only in concept. Specific operating 
information is available upon request. 
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In this section, we will first discuss the type of charac- 
teristics we are interested in, configure a network ana- 
lyzer system to be able to measure those characteristics, 
and look at what modern network analyzers are available 


INTRODUCTION TO COMPONENT Sor Hewlett-Packard, 
CHARACTERIZATION 


* Device Characteristics 


* Configuring A Network Analyzer 
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RF or microwave energy can be likened to a light wave. 


HIGH FREQUENCY The energy is either reflected from or transmitted through 
DEVICE CHARACTERIZATION the test device (e.g. lens). By measuring the amplitude 
ratios and phase differences between the incident and the 
Incident Transmitted two new waves we can determine the reflection (imped- 


ance) and transmission characteristics of the device. 


There may be many names for these measurements, 


Reflected some use magnitude only information (scalar), others 
include both magnitude and phase information (vector). 
REFLECTION TRANSMIS SION All names can be classified under the general headings of 
Rellected Trenamitted transmission and reflection. 
Incident 
Grove 
TUN gun Penne 
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WHAT IS A LINEAR NETWORK? 
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Why do we measure both magnitude and phase? Sev- 
eral important reasons will be discussed in this semi- 
nar. Magnitude and phase data are required for 
determination of complex impedance (both resistive and 
reactive components). All high frequency computer 
design programs require transistor S-parameter data 
bands, which of course, means measurement of magni- 
tude and phase for complete characterization. Careful 
attention to both the magnitude and phase response of 
communications systems is essential for distortion free 
transmission. 


Even if the device requires only magnitude information, 
a network analyzer can provide that data to a level of 
accuracy higher than that of any scalar measurernent sys- 
tem. Once the magnitude and phase of RF errors such as 
directivity and source match have been characterized, 
they can be mathematically removed from measured data 
resulting in dramatic increases in measurement accuracy. 


In addition, complex frequency domain data can be 
transformed to the Time Domain, yielding even more 
information about a device under test. 


Technically, a network's behavior is linear where: 


1. A linear change in the input results in a linear change 
in the output, and 


2. The output, resulting from multiple input signals, is 
the same as the sum of the outputs resulting from 
independent input signals. 


Simplifying, it can be said that a sine wave input will 
result in a sine wave output at the same frequency with 
only an amplitude and phase change. Examples of linear 
networks are filters, amplifiers, cables, isolators, etc. 


The outputs of non-linear networks are dependent on 
the level of the input signal as well as the frequency and 
are usually composed of multiple frequencies. Examples 
of such level-dependent networks are mixers, diodes, 
compressed amplifiers, etc. Note the same network may 
exhibit both linear and non-linear behavior, such as an 
amplifier. 


Network analyzers are prim eril» eencerned with the 
E F a 


measurement of a networks linear behavior and this will 
be the primary topic of discussion today. 
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Given a test device, what do we need to know? What 
test equiprnent and test equipment configurations are 
required to measure the transmission/reflection param- 
eters listed on the slide? For the most general case, let's 
consider a two port device — that is a device with an 
input and an output (two connectors) — and build a 
measurement system around it. 


А network analyzer measurement system can be divided 
into four major parts: 


1. a signal source providing the incident signal, 


2. signal seperation devices to separate the incident, 
reflected and transmitted signals, 


3. a receiver to convert the microwave signals to a lower 
intermediate (IF) signal, 


4. and a signal processor/display section to process the 
IF signals and display that information on a CRT. 


The signal source (RF or microwave) produces the inci- 
dent signal used to stimulate the test device. The test 
device responds by reflecting part of the incident and 
transmitting the remaining part. By sweeping the fre- 
пчелсу о” the source the frequency геѕрорез of the test 
device can be determined. 


What other source characteristics are important to device 
measurements? Frequency range, frequency stability, sig- 
nal purity, and output power level and level control are 
other factors which may affect a measurement. 


There are basically two types of sources used for net- 
work analyzer measurements, sweep oscillators and 
synthesized sweepers (including synthesized signal 
generators). 
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Which source characteristics are critical to testing a nar- 
rowband device such as a crystal filter? Note the rapid о 
variation with frequency on the skirts of the crystal filter. 
Thus if the device’s magnitude response changes appre- 
ciably over the source residual FM spectrum width, a 
more stable source such as a synthesizer or synthesized 
sweeper should be used. Also, if phase information is 
needed and the device's phase response changes rapidly 
with frequency (i.e. electrically long devices such as long 
cables), it is important to use a stable frequency source 
such as a synthesizer. 


Conversely, measurements of most broadband devices 
whose responses do not change much with frequency are 
ideally suited for sweep oscillators. The measurements 
with a sweep oscillator would be much faster than a syn- 
thesizer. Note that unlike the crystal filter test, the meas- 
urement of the attenuator is virtually unaffected by the 
choice of the source. 


A network analyzer such as the HP 8510 require an 
external source, in which case a choice must be made as 
to what type of source fits the overall measurement need 
the best. The recommended sources in this case are the 
HP 8350 for a sweeper or the HP 8340/41 for the syn- 
thesized sweeper. 


Other network analyzers such as the HP 8753 have in- 
ternal sources which are synthesized sweepers offering © 
the advantages of both to the measurement process. 


The next step in our measurement process is to separate 
the incident, the reflected, and the transmitted signals. 
Once separated, their individual magnitude and phase 
differences can be measured. This can be accomplished 
through the use of directional couplers, bridges power: 
splitters, or even high impedance probes. 


TRANSMISSION MEASUREMENT 
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TEST SET TYPES 
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Transmission measurements can be made using a direc- 
tional coupler, a broadband power splitter, or high im- 
pedance probes to obtain a reference incident signal 
Directional couplers present the minimum loss (usually 
<2dB) between the source and the test device whereas 
the power splitter presents 6 dB of loss between the 
source and the device under test. Power splitters typ- 
ically are very broadband, have excellent frequency 
response and present a good match at the test device 
input. Ratioing the measurements minimizes the ambi- 
guities caused by the variation in source power level 
versus frequency and provides the necessary reference 
signal against which phase measurements can be made. 


In circuits, measurements in impedances different from 
50 or 75 ohms can be made with high impedance pro- 
bes. It is important that the probe impedance be large 
with respect to the circuit impedance so unnecessary 
loading does not occur. 


Reflection measurements require a directional device. 
Separation of the incident and reflected signals can be - 
accomplished using gither|a dual directional Re ig 
power splitter with a single directional coupler or)bri ge. 
The essential difference is in the power levels involved. A 
directional coupler has less main arm loss whereas a 
bridge tends to be more broad band and for that reason 


is more commonly used. 


Examples of configured test sets are the Transmission / 
Reflection test set configuration, which provides a single 
bridge and power splitter arrangement for one port reflec- 
tion measurements and one path transmission measure- 
ments, and the two path S-parameter test set, which pro- 
vides two bridges, a power splitter and a switch to allow 
measurements of a two port device in both directions 
with a single connection. Both test sets permit the simul- 
taneous display of reflection and transmission when used 
with a three channel receiver. In addition, a step attenu- 
ator is commonly part of either test set, allowing for wide 
control of power level to the device under test. 


Modern microwave network analyzers incorporate 
Parts of the receiver into the test sets for maximum 
performance. 
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The receiver provides the means of converting the RF or 
microwave voltages to a lower IF or DC signal to allow 
for a more accurate measurement. 


@ 


There are three basic receiver techniques used in network 
analysis. The diode is a broadband detector that converts 
the RF signal to a proportional DC level or if the signal is 
amplitude modulated, the diode strips the modulation. 
This is the technique most commonly used in scalar net- 
work analysis. 


Broadband tuned receiver techniques use either a funda- 
mental mixing or harmonic mixing technique to convert 
the RF signal to a lower frequency IF signal. They are 
tuned receivers because both techniques provide a nar- 
row band pass IF filter to reject spurious signals and 
extend the noise floor of the receiver. 


A more graphic comparison is obtained when the same 
bandpass filter is measured using a broadband diode 
detector (scalar analyzer) and a tuned receiver (network 
analyzer). Note that the tined receiver measurement 
provides more dynamic range as well as immunity from 
annoying harmonic and spurious responses. 
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Lastly, the IF signals must be measured and processed 
before the relevant information can be displayed in an 
appropriate format on the CRT. 


Since the relative magnitude and phase differences of the 
RF signals are preserved when converted to the constant 
IF frequency, we will make our precision measurements 
at that low frequency. 


Phase measurements are accomplished by comparing the 
phase of the transmitted (or reflected) IF signal to that of 
the incident signal. Note that an incident or reference sig- 
nal is ,«qui.cü for pase measurements. Many phase 
detectors measure up to a + 180 degrees difference in 

the phase of the two IF signals. This results in the tradi- 
tional display with the + 180 degree transitions. Of 
course this is entirely equivalent to the Bode Plot format 
where phase is displayed continually. 


Once the magnitude and phase of the device's charac- 


DISPLAY FORMATS 


teristics have been measured, the data must be displayed [t] 
Rectangular Smith in a format appropriate to the information desired about 
` т DEO = the device. 


Rectilinear or Cartesian formats indicate the magnitude 
(linear, dB or SWR), phase, or group delay characteristics 
as a function of frequency. 


Magnitude and phase may also be displayed in a polar 
format or in an impedance format such as the Smith 
Chart format. 


Lastly, data may also be listed on the CRT on some net- 
work analyzers in a table format. 
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In addition to multiple CRT displays, modern network 
analyzers also provide direct hardcopy capability to a 
plotter or printer. 
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HP offers a full line of network analyzers covering 5 Hz 
to 100 GHz. 


HP FAMILY of NETWORK ANALYZERS 
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This next section will cover transmission and reflection 
measurements, review S-parameters, and look at how 
flow graphs help us in modelling our measurements. 


MEASUREMENT APPLICATIONS 
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* Reflection Measurements 
* Scattering Parameters 
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In this section, we will cover measurement theory 
regarding transmission measurements. 


MEASUREMENT APPLICATIONS 


Incident Transmitted 


Reflected 


Transmission measurements are a function of the inci- 
dent signal and the transmitted signal. The linear trans- 
mission coefficient is the ratio of transmitted voltage to 


TRANSMISSION MEASUREMENTS incident voltage (assuming the sem@Z, enviraineni) and 
e -MAGNITUDE- is normally given as t at some phase angle, 1 being the 
magnitude portion of this transmission coefficient. 
Vocat Г | Vtnemitin 
DUT = 


ung 5-6. 


Viranamitied 
Transmission Coefficient = | = Я. 


Мав 


Insertion Loss (dB) = 20 Log {Ут} 
( Vine 


Gain (4B) = 20 Log Td 


S 


5410 


Before we make the transmission measurement of our 


TRANSMISSION MEASUREMENT test device, we will want to establish the magnitude and 


phase reference data of our system. In this example, we 
Step Z1- Establish "O dB" Reference are using an S-parameter test set which provides the sig- 

nal separation we need to make ratio measurements. We 
Response Calibration use a simple transmission “thru” response calibration to 
remove any signal path loss differences in our reference 
and test paths. (Otherwise, we are assuming a perfect 
measurement system.) After we measure the thru, we 
end up with a flat line which is our 0 dB magnitude 
reference. 


Network. 7 
Analyzer . 


Test Set 
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By connecting a filter as our DUT, we can then directly 
measure the insertion loss over the specified frequency 
range. 


5412 


The simple transmission “thru” response calibration 
we performed earlier for our magnitude measurements 
TRANSMISSION MEASUREMENT also establishes the phase reference for our system. 
Notice that the phase response of our “uncalibrated” 
thru measurement is not even close to 0* response at 
all frequencies. This is due to the differences in path 
length of the reference and test signal paths. The thru 
response calibration uses this phase measurement as 
the phase reference. After our response calibration, the 
displayed phase reference is our desired 0° phase line. 
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А simple example of a device whose magnitude response 


| ө INSERTION PHASE MEASUREMENT does not vary much but whose phase response does is a 


section of coaxial cable. Measuring this section of coaxial 
Coax Cable (.6 m) | cable shows the insertion phase response over the spec- 
| ee ified frequency range. Note that the phase response of 
ae this device changes linearly as a function of frequency. 


This phase response is a function of both the length of 
the cable and the frequency span over which the phase 
response is measured, 


Why Does The Phase Reponse Have A Slope? 
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Let's investigate this relationship between phase, device 
length, and frequency by looking at the phase change as 
PHASE CHANGE WITH LENGTH a Frelon of dens (of in airline in eb eee ata argh 
frequency. Notice that phase varies as a function of phys- 
ical length of the transmission line and as a function of 
— NT the wavelength of the CW frequency. This can be seen 
intuitively from the diagram using a CW signal and an 
airline. While the signal amplitude remains unchanged, 
the phase, using the input as reference, varies linearly 
with physical length depending on how many wave- 
lengths have been traversed to the point of interest. The 
formula can be rewritten in terms of frequency, f, by sub- 
stituting c/f for wavelength (A). The propagation velocity 
for the speed of light in an airline is c = 3 x 108 m/sec. 


а) . 
= — +360 
p N 
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Since our original transmission measurement problem 
involved phase change with frequency, let's now con- 
PHASE CHANGE WITH FREQUENCY sider the case where our phase measurements are made 
at the end of the airline. Because physical length is now a 
fixed quantity, the formula can be rewritten with fre- 
quency as the varizble. | TU. 


Фф = —(360°* f/c) -4 
Фф = — (360° - yc) -f 


We see that if frequency from a swept source changes lin- 
early, the phase will also change linearly. This looks 
somewhat like our measurement problem. 
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ELECTRICAL LENGTH EXAMPLE 
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Up to this point, we have been using an airline to look 
at phase response versus frequency. What happens 
when our device is not an airline but some coaxial cable @ 
or other transmission medium? Let's look at the elec- 
trical length of a cable with a non-air dielectric. The 
dielectric slows the propagation velocity from c to 
c/Vu,e, where e, is the relative dielectric constant and 
y, is the relative magnetic permeability. И we again 
rewrite our equation for phase, we see that a length of 
airline is equal to VEE times the physical length of 
our cable, both would produce the same phase shift 
with frequency. Thus V(H,€,)L is said to be the cable's 
equivalent electrical length of airline. By referencing all 
electrical lengths to airline the confusion between phys- 
ical lengths and dielectrics is avoided, 


360/c — 1.2x 10* 
Ф = —360°/A length 
А = v,/frequency 


Returning to our insertion phase measurement problem, 

we have established 0 degrees phase difference at all fre- 

quencies with our response calibration. If a cable of 0.6m 

Physical length is inserted in the transmitted channel, the 

phase shift can be noted and the equivalent electrical 

length of airline can be calculated. Thus in the example 

shown, the cable of 0.6m physical length is equivalent to 

1.0m section of airline, because both the cable or longer 6 
airline would provide the same phase shift with } 


frequency. 
= —360-length/c * frequency 
Аф = —360-length/c * Afrequency 


An equivalent method of determining Electrical Length 
with modem network analyzers is to use an internal 
electrical length adjustment feature which varies (mathe- 
matically) the length of the reference signal path to vary 
the phase response of our device. The inte.»al Electrica] 
Deiay function can quickly balance tie рае response 
of our device under test. Once the phase is balanced, the 
amount of equivalent length we have electronically 
added to the reference path then is equal to the elec- 
trical length of our device under test. In addition, the 
Electrical Delay time is displayed in seconds and dis- 
tance in meters. By entering in the proper value of di- 
electric material or the relative phase velocity, the dis- 
tance displayed can be physical length. 
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SOURCES OF 
TRANSMISSION DISTORTION 
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Does A Linear Network Imply No Distortion? 
Yes For CW Signals, However 
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When information in the form of a modulated signal is 
transmitted through a linear network (filter, amplifier, 
etc.) some modification of the information or modulation 
may occur. This modification or distortion and its meas- 
urement is the subject of this section. We will discuss 
two techniques which can provide transmission distor- 
tion information about a test device. 


Both linear and non-linear network behavior can result 
in distortion. Nonlinear distortion measurements such as 
those for harmonics and intermodulation are usually 
made with a spectrum analyzer. Distortion resulting 
from linear network behavior, such as amplitude flatness 
and phase linearity (constant group delay) are generally 
less understood. This section concentrates on distortion 
produced by the linear behavior of networks like filters 
or amplifiers. 


Recalling the definition of a linear network, it was shown 
that a sine wave signal transmitted through a linear net- 
work results in only amplitude and phase changes at the 
output. Thus it might seem that a linear network is also a 
distortionless network. This is true for CW signals, but 
UMS ее ение. care ton What happeii$ when a 
signal is composed of multiple frequencies? 


CRITERIA FOR 
DISTORTIONLESS TRANSMISSION 
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MAGNITUDE VARIATIONS 
WITH FREQUENCY 
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5424 


PHASE VARIATION 
WITH FREQUENCY 
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The criteria for distortionless transmission fall in two 
parts. First, the amplitude (magnitude) response must be 
flat over the bandwidth of interest. This means all fre- 
quencies within the bandwidth will be attenuated identi- 
cally. Second, the phase response must be linear over the 
bandwidth of interest. 


Where does magnitude and phase distortion come from? 


By taking a square wave as an example of a multiple fre- 
quency input signal and a filter as a linear network, it can 
be seen that the shape (or information) is distorted at the 
filter output. Note that each frequency component of the 
square wave was linearly transformed through the filter 
with only a change in amplitude. No phase changes were 
introduced. However, since each frequency component 
suffered a different attentuation, they no longer sum to a 
square wave at the output. 


To show the effects of phase distortion independent of 
magnitude distortion we use a phase inverting network 
for the filter. It can again be seen that each frequency 
component is linearly transformed through the inverter 
with only a change in phase. No amplitude changes were 
introduced. However, because the phase of the third har- 
monic has been reversed, the output is again distorted. 
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HIGH RESOLUTION 
DEVIATION FROM LINEAR PHASE 
USE ELECTRICAL DELAY FEATURE 
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Using a band pass filter as an example network and the 
passband as the bandwidth of interest, it is a straight- 
forward process to measure the deviation from constant 
amplitude. The frequency span is simply narrowed to the 
bandwidth of interest and the magnitude resolution 
increased. However, the phase linearity is unfortunately 
more difficult to measure. Simply increasing the resolu- 
tion drives the trace off scale. 


To view phase distortion, then, we need a method to 
compensate for the linear portion of the phase response 
in order to view just the distortion of the phase data. 


One method to compensate for the linear portion of the 
phase response in order to measure phase non-linearities 
directly is to use the Electrical Delay feature of the net- 
work analyzer we discussed earlier. The phase shift 
introduced by the filter is added to a linear slope of the 
Opposite sign, resulting in a high resolution display of 
the deviation from linear phase. Modern network ana- 
lyzers can compensate up to 3 x 108 meters (1 sec of 
delay in air). The same effect could have been accom- 
plished by adding a cable having the same average 
electrical length as the filter to the reference (incident) 
path, but this is obviously much more awkward. It may 
actually involve cutting cables or substituting hundreds 
of feet of cable, with corresponding frequency response 
variations, because of the relative low frequencies and 
long wavelengths involved. 


Another technique that can be used to determine the 
phase distortion of a linear device is Group Delay. Group 
delay is defined as the derivative of the phase response 
with respect to frequency. That is, it is the rate of change 
of phase response as a function of frequency. A perfectly 
linear phase shift would have a consiani cité of Danse 
with respect to frequency (a constant slope with no vari- 
ations) and therefore a constant group delay. Units for 
group delay are seconds which indicates that group delay 
is a measure of transit time through the device under test 
for a particular frequency. 
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GROUP DELAY 
AS A DISTORTION PARAMETER 
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PHASE-SLOPE GROUP DELAY 
MEASUREMENT 
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The group delay differentiation pfocess reduces the lin- 
ear portion of the phase response to a constant value 
and transforms the deviations from linear phase into 
deviations from constant group delay. Since the devia- 
tion from constant group delay corresponds to devia- 
tions from linear phase, it is these variations what indi- 
cate distortion. Because differentiation effectively 
removes the linear component of the phase shift, high 
resolution measurements are again possible. Total or 
absolute delay indicates the signal transit time through 
the device. 


Of the several group delay measurement techniques, 
phase slope is probably the most straight-forward. It is a 
static or CW technique that involves measuring the phase 
at two closely spaced frequencies and then computing the 
slope (which is an approximation of the derivative). This 
is the technique used exclusively in modern network 
analyzers since it yields the best resolutions. Depending 
upon the source, the user has almost complete control 
over the frequency step Af (aperture). 


Group delay range then is a function of how stable the 
frequency source is. A source with 1 Hz frequency reso- 
lution has a maximum delay range of about 500 msec. 


The only network analyzer limitation which we need to 
account for is the Ao measured between two adjacent 
frequency points must be <180°. If the phase is > 180°, 
incorrect delay information may result. 


MMC EE я meg gw t 
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EFFECTS OF 
INCREASING APERTURE 


д! = 300 kHz 


Group Delay 20 na/Div 


EFFECTS OF 
INCREASING APERTURE 


Reduce Nolae 


@агре S/N) 


Mias Fine 


Variations № 


Phase Linea 


* Must Specify Aperture (Smoothing) 
When Comparing Group 
Delay Measurements 


GROUP DELAY MEASUREMENTS 
SIGNAL/NOISE LIMITATIONS 


Causes of Nolse; 
Source Residual FM 
DUT Nolse Figure 
Recelver Noise Figure 


Ф 


rity 
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* For A Given Receiver Bandwidth 


чат = 278 be 
Where tg = 


=t 20 


seo" 21 
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What happens when we change frequency aperture? 
Changing the aperture, Af, can cause different values of 
group delay to be measured as indicated by these plots. 
Narrowing the Af will increase the frequency resolution 
but will eventually result in not being able to resolve 
phase differences and only noise will result. 


Increasing the aperture reduces the resolution demands 
on the phase detector and permits better group delay res- 
olution. However, the frequency resolution has been 
reduced as shown by the diagram which has averaged 
out the fine grain variations. Tradeoffs in delay and fre- 
quency resolution are fundamental to any group delay 
measurement. In any comparison of group delay data, it 
is imperative to know the aperture used to make the 
measurement. 


With modern network analyzers such as the HP 8510 or 
the HP 8753, the minimum aperture is equal to the fre- 
quency span divided by the number of points minus one: 


Minimum Aperture — (Frequency span)/(Number of 
points — 1) 


Aperture can be increased from minimum by varying the 
Smoothing Aperture and turning the Smoothing func- 

tion on. Thus you can measure group delay with an aper- 
ture larger than minimum without having to change the 


frequency span. 


How does noise effect limit group delay measurements? 
Although we sometimes tend to think of noise as just an 
amplitude signal, it also has a phase component, so in 
reality, it is a two dimensional vector. 


The ratios of the noise vector amplitude and signal level 
is the signal/noise level. Lower signal to noise values 
mean a larger noise vector magnitude and consequently 
more phase or delay uncertainty. 


The table indicates the Аф limits that would result for 
various signal-to-noise ratios and the corres; nding 
group delay limits (assuming a 278 kHz aperture). 
Causes of noise generally involve the stability of the 
source used, the receiver noise floor, and the DUT noise 
figure. The signal-to-noise ratio can often be improved 
through the use of a more stable source or a narrower 
receiver bandwidth (lower noise floor). 
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GROUP DELAY SUMMARY 


ж Ensure AQ Z180* for Minimum Frequency Step 


* Maintain High Signal to Noise Levels to Minimize 
Effects of Noise 


* Specify Aperture (Smoothing) When Comparing 
Group Delay Measurements 


5433 


DEVIATION FROM LINEAR PHASE 
AND GROUP DELAY 


* Changes In the Sign 
01 the Phase Siope 


н Maximuma of Group Delay 
Occur Where Phase is 
Changing Most Rapidty 
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MEASUREMENT APPLICATIONS 


ама. 


Incident Transmitted 


Reflected 
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In summarizing group delay measurements, we need to 
ensure we are measuring phase <180° between two 
adjacent frequency points and to maintain a high signal 
to noise ratio to minimize the effects of noise. In addi- 
tion, Smoothing Aperture allows us to vary the group 
delay aperture without having to change the number of 
points or the frequency span. 


Let's complete this section by comparing group delay 
measurements with deviation from linear phase meas- 
urements. Because of the fundamental relationship 
between phase and group delay, we would expect to 
observe that relationship in a simultaneous CRT display 
of deviation from linear phase and group delay. First, 
note that as might be expected, the frequencies where 
phase is changing most rapidly correspond to maximum 
group delay. Second, it can be seen that the frequencies 
where changes in the sign of the phase slope occur corre- 
spond to the same average value of delay. 


Which should you choose? 


You can make high resolution deviation from linear 
phase measurements directly or you can measure phase 
distortion in group delay units. Group delay measure- 
ments require that an aperture be specified. 


The next subject we will discuss today is basic reflection 
measurements. Earlier, we constructed a measurement 
system to make these measurements, now we want to 
take a closer look at what we are actually measuring and 
how that measurement can be defined. 


€ 
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What causes (Һе reflected signals that we want to meas- 
ure? If we have a source of RF or microwave energy with 
a source impedance of 50 ohms, then that source will 
deliver its maximum power available to the transmission 
line if the transmission line's impedance is the same or 
equal to the source impedance. In this case, our trans- 
mission line is of infinite length and is a 50 ohm 
impedance transmission line. 


If we terminate the transmission line with a 50 ohm ter- 
mination, then all of the energy flowing from the source 
will be absorbed by the termination (i.e. the signal can- 
not tell the difference between a Z, load and а Z, 
transmission line of infinite length). 


What happens to all of that energy if we now terminate 
the transmission line with a short circuit? Since a short 
circuit has 0 ohms it cannot dissipate any power (the 
energy cannot be absorbed in the short), and since there 
is nowhere else for the energy to go, it is “reflected” back 
towards the source. Since a short circuit cannot support 
any voltage (Vhon = 0 volts), the reflected voltage wave 
must be of equal magnitude and of opposite polarity as 
compared to the incident voltage wave for the voltage 
sum at the short to be equal to zero. Opposite polarity 
with a sine wave means being 180 degrees out of phase. 


Similarly, when we terminate the transmission line with 
ап open, there is nowhere for the energy to go since an 
open can support no current and thus can dissipate no 
power. A "reflected" wave is again launched back 
towards the source but the reflected voltage wave is “in 
phase" (or of the same polarity) and of the same magni- 
tude as the incident wave at the open. 
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Having established that the reflected signal is a function 

of both the load impedance and'the characteristic imped- 

arce, let's use this relationship to see if we can predict ( 
what the reflected signal will be if we terminate our trans- 
mission line with a 25 ohm resistor (an impedance some- 

where between a short and an open). We find that our 

reflected voltage wave at the impedance will have an 

amplitude of 1/3 of that of the incident wave and will be 

180 degrees out of phase with it. 


If we take the ratio of the reflected signal to the incident 
signal, we have a relationship which accounts for the dif- 
ference between the load impedance and the characteristic 
impedance which we will refer to as the reflection 
coefficient. 
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The reflection coefficient, gamma (Г), has both a magni- 
tude and a phase value. 


REFLECTION TERMINOLOGY 


Reflection г. Va en nda 


The magnitude of the reflection coefficient is defined as 
tho (p) and varies between the values of 0 to 1. 


Coefficient Ving 2: + 20 Return loss in dB is equal to —20 log p. This results in a 
= Iri Positive dB number even though p is less than 1. Values 
р range between 0 dB (р = 1) to oo dB (p =0). 


Ret Li = -20 Li 
An ep 99 p Standing Wave Ratio (SWR) is the ratio of the maximum ( 


SWR = standing wave voltage to the minimum standing wave 
1-p voltage (Е„„„/Е о). It is also related to rho by the equa- 
i tion shown. SWR varies between 1 and оо. 
p 


ORL (ав) 
co SWR 
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Let's work through some examples of converting 


REFLECTOMETER CALCULATOR between rho, return loss and SWR using a reflec- 


tometer calculator. 


SWR= 


SWR = 1.2:1 
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As with transmission measurements, we also want to 
establish a magnitude and phase reference point for reflec- 


REFLECTOMETER MEASUREMENT tion measurements. Іп a &imple гейеснопезропзе ) 
response ( 


onwe normally use a short circuit because its 
= 171807) is well known. This response cal- 
ibration compensates for the differences in the measure- 
ment signal paths (both magnitude and phase). When the 
DUT is then connected the return loss in dB is the dif- 
ference between the 0 dB reference line and the 
measurement, 


EE Response Calibration 


[  ) Short Circuit 


fce 177 


5440 


The measurement calibration with the short circuit also 
establishes the phase reference plane for our reflection 
REFERENCE PLANE та «da that a "m display of a measure- 
Phase Reference ment of a short circuit before any measurement calibra- 
tion does not indicate the true response 263 short After 
the response calibration, the polar display now indicates 
"Short" the proper reflection coefficient of a short circuit. 


Tecpoisse Calivcaiion 


Corrected 
к рава 
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REFLECTION DISPLAY FORMATS 
Log Mag 


Linear 


POLAR FORMAT 


p 7 Linear Magnitude Ratio 
LØ = Relative Phase Angle 
Г = руде 
20 log (p) 


90° 


+ 180° 
"d 
Short 
/X 180* 


IMPEDANCE MEASUREMENTS 
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The different formats available for observing the reflec- 
tion properties of the DUT are shown here: 


Rectilinear displays for linear rho, dB values of RL and 
linear values of SWR can be displayed as a function of 
frequency. A polar format is also available on the net- 
work analyzer. 


The polar format displavs the reflection coefficient result 
in a two dimensional vector representation. The con- 
centric circles are scaled in units of linear magnitude 
from 0 at the center to 1 at the outer circle. The radial 
lines scale the phase angle from 0 degrees to + 180 or 

— 180 degrees. Values read from the polar chart consist 
of a linear magnitude ratio and a phase angle. 


The ideal short circuit has a reflection coefficient of 
12180°, an ideal open circuit has a reflection coefficient 
of 1Z0*, and a perfect termination (2, characteristic 
impedance) produces a response at the center of the 
chart, 020°. 


Since there is no frequency axis, frequency information 
must be read from markers or by CW measurements. 


Reflection data can also be displayed in an impedance 
format. Recall that Г, the reflection coefficient, is related 
to the characteristic impedance and the unknown load 
impedance. If we know Г and Z,, we can calculate and 
display the load impedance. 


The unknown impedance we wish to display is a com- 
plex impedance; that is, it has both resistive and reactive 
components associated with it. 


Plotting impedance as a function of resistance and reac- 
tance provides many benefits in the design process. The 


IMPEDANCE MEASUREMENTS Smith Chart format converts Г T o a complex 
impedance (plots polar information of Г). The upper 
SMITH CHART FORMAT m the hith Biart is the area where рев 


have as their reactive component some value of induc- 
tance while the lower half has some value of capacitance 
Constant R as the reactive value. 


Constant X 


7, =0 
Г =12180° 
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А modem network analyzer such as the НР 8753 pro- 

vides the Smith Chart format with a selection of different 
i eia aiioa s marker readouts. Markers can be read in impedance 

a ы ` (resistive, reactive and equivalent inductance or capaci- 

tance), linear magnitude and phase, or log magnitude 

and phase. 
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Before making a transmission distortion measurement of 
a device, we want to establish a magnitude and phase 

reference. A simple transmission “thru” response cal- 
SUMMARY ibration will remove any signal path loss differences in 
the reference ат test paths. и 


TRANSMISSION We also want to establish a magnitude and phase refer- 


* Simple CAL-THRU ence for impedance (reflection) measurements. A simple 
* Distortion Measurements reflection response calibration can be accomplished with 
a short circuit to remove any differences between the 
REFLECTION measurement signal paths. 
* Simple CAL-Short 
* Impedance Measurements 
8 dei 
5717 
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Collector 


* High Frequency Modelling Difficult Emitter 


* Transistor Oscillates With Opens/Shorts m 
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SCATTERING PARAMETER 
DEFINITION 
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Many of you may be familiar with S-parameters. For 
those of you who are not, we will have a quick review ( 
with emphasis on flow graphs. 


Before we discuss what S-parameters are, let's first 
determine the need for a modelling and characteriza- 

tion process which helps us in measuring and design- 

ing with high frequency devices. Take the case of a 
microwave transistor for example: at low frequencies, it 

is easy to measure the characteristics of the transistor 
simply by measuring its voltage and current charac- 
teristics. At high frequencies, however, directly meas- 

uring current is extremely difficult, and these devices + № 6 
tend to oscillate when terminated with an open or LE ( 
short circuit. Thus the need to characterize and model ~- 
the high frequency devices using different techniques. 

What measurements does a network analyzer make? 


In high frequency measurements, we know we can 


characterize а DUT by measuring the inputland output | f 
signals of the а ме wie have applied the proper 45 
Eius signal We take this information (the incident | Ф 
waves being(a waves and theloutput]waves being b ) У 
waves) arid define a set of equations using the device s 


S-parameters and the a and b waves. For a two port 
device, we define two linear equations. 


M mc e ah docs a tee au! рн." 


SCATTERING PARAMETER 
MEASUREMENT 
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REVERSE MEASUREMENT 
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ATTENUATOR S-PARAMETERS 
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To determine the four S-parameters we first terminate 


port 2 with a Z,\load eliminating the a, signal. The 
resulting &quattóns yield Sh and 521: $11 15 the ratio of b,/ 


a, when a, is zero and s;, is the ratio of b;/a,. 


What is the physical meaning of s,,? 51 is equivalent to 
Г since its magnitude and phase response is identical to 
that of Г (notice that Г is also defined as V/V „n or 
b,/a,). That means that the magnitude of 5; is equal to 


р 


In а like manner the forward transmission coefficient is 
equivalent to s,,. 


S-parameters numberi Г vis: the first number 
represents the port where thé energy is emerging from 
the device and the second number is the port where 
energy is entering the device. 50 s,, means the ratio of 
the energy emerging at port 2 to the energy incident at 
port 1 (gain or loss is indicated by values greater or less 
than unity). 


By placing the source at 
with a Z, load the a, term now becomes zero so 
and s,, can be determined. 


Notice that the S-parameters are referenced to the Ži 


impedance of the netw and in most cases is 


50 ohms. However, a Z, i of 75.ohms is possi- 
ble with 75 ohm test sets. AN 95 tlendl ANY DA due 
additional details on designing with and converting S- 
parameters to other useful quantities, 


port 2 and terminating the input 
thats;; 


One of the nice things about S-parameters is that they 
are intuitive. That is not true for other parameters such 
as Y-parameters at high frequencies. S,, is simply the 

n oss біне of the device expressed in 
linear form. With tnis 20 dB attenuator, we see that our 
familiar measurement loss of the attenuator transforms 
to an S-parameter voltage ratio of 0.1. Since these are 
complex parameters, there is a phase angle associated 
with each S-parameter. Likewise the more familiar 
measurement of SWR on the device translates over to 
ап s,, or input voltage reflection coefficient of 0.09. 
Basically we have been making S-parameter measure- 
ments all along. We have just used different names for 
the same quantities. 


This attenuator is a bi-lateral device, i.e. it has approx- 
imately the same loss whether you measure it from port 
lor port 2 (s,,=s,,). 
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S-PARAMETER 
SUMMARY 


1. Conceptually Simple 
2. Exact Data 
3. Easy To Measure 


4. Analytically Convenient 
7 CAE Design Programs 
- Flow Graph Analysis 
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FLOWGRAPH REPRESENTATION 
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А microwave transistor is а non-bi-lateral device; its 

reverse transmission coefficient is markedly different r 
from its forward coefficient. Also, its S-parameter varies 

rapidly with frequency so the s,, of 3 (9.5 dB) applies 

only at 1 GHz. In addition, its reflection coefficients are 

very high, as is typical of small signal high frequency 
transistors. 


So why do we find S-parameters used so predominantly 
at RF and microwave frequencies? 


1. They relate to familiar things such as gain, loss, and 
reflection coefficient. 


2. When used in circuit analysis or CAE programs they 
describe exactly how a characterized component will 
perform. 


3. They are easily measured with conventional reflection ( 
and transmission systems. 


4. They lend themselves to analysis as we shall now see 
as we review flow graph techniques. 


This is a flow graph representation of a two-port device. 
The input port has two/nodes: one resenting the 
[entering ог/а wave and one for the/emergi wave. 
Lines that connect nodes are called branches. Each 

branch has an arrow and value corresponding to an S-_ 
parametar, AM only Boum she direction of ah 2 
arrow: How many S-parameters does a device have? ^ 


number of parameters — [number of ports 


(or connectors)]? 


Thus, a two port device has four S-parameters. 


EXAMPLE FLOW GRAPHS 
ONE PORT 


Load 


ёго 


Source 
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EXAMPLE FLOW GRAPH 
THREE PORTS ғ 


S22 ( Maintine р} 


Isolation = Directivity + Coupling 
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COMBINING NETWORKS USING 
S-PARAMETER FLOWGRAPHS 


T LOAD 
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А one-port device has one S-parameter. Here are а cou- 
ple of one-port examples: a load and a source. Each flow 
graph shows how the incident a wave will be modified 
and re-emerge as a b wave. 


ГО | Es 
b- | £a 
E» >? 
b А 
| : $. 4—A2 


A three-port has 3 squared or 9 S-parameters as shown 
by this flow graph representation of a coupler. 


The portion of energy incident on port 3 is s,, or the 
couplers coupling factor. The portion of energy incident 
on port two available at port three should be zero for a 
perfect coupler. Of course it is very difficult to build a 
coupler whose s;; or directivity is zero. ѕ,, is the main- 
line reflection coefficient. 


Flow graph techniques can be used to determine the 
overall response of a network once the component parts 
are known. As an example, let's use an adapter to con- 
vert a Z, termination to another connector type. We 
know intuitively that the load isn’t improved by ре’ иле 
something in front of it. We will show how to predict | 
exactly the “new” load reflection coefficient once we 
have measured the adapter and load S-parameters. 
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A flow graph reduction technique known as “Mason's 
Nontouching-loop rule" (see bibliography) says that the 


FLOW GRAPH PATHS overall(response bf this|network is the sum of the paths 
PATH 1= Sp which Cnergy-cán flow through the network 7 
А SAH 


Energy flows from the source to sink in the direction of 
the arrowhead. Thus one obvious path for energy inci- 
dent at port one is the direct path through the adapter's 
Si 


A second path or direction energy may flow is through 
55, then through the Г of the load, and then back out 
through the s,, of the adapter. The combined value of 
this path is the product of each branch or (s;,* Г ,*5,;). 
Notice that while energy can't flow out of s,, into s;;, 
nothing prevents it from coming up s;; and back into Г’. 
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Some of the energy does flow in that direction and recir- 
culates in a loop. Each time it transverses the loop a 
COMPOSITE RESPONSE product of the coefficients is generated (i.e. an infinite 
series). A mathematical identity converts the infinite 
series to a simple expression which is multiplied by the 
$2), 51, апа Г, branches to give an overall value for path 
two. 
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Now for the sum. This simple mathematical relationship 
is an exact solution to any two-port network terminated 
in a one port. In our example, it is the reflection coeffi- 
cient of the adapter/load combination. Notice the prom- 
inence of the s,, term. No matter how low the load 
reflection coeíncieni is, tie adapua > пра: edectioi 
coefficient (s,,) will seriously degrade the “new” load 
even when it is comparable in value to Г.. 


m 1 
1 - Гу 
din Sa $: Ги 
Path 2 (Modified by Loop) = —— ———— 
(1 = Po $22 ) 
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ACCURACY CONSIDERATIONS IN 
NETWORK ANALYZER 
MEASUREMENTS 
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* One Port Device 
7 Systematic Errors 
7 Accuracy Enhancement 


Two Port Devices 
RandonvDrift Errors 
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We ended our last discussion of network flow graphs 
with an indication that a device as simple as an adapter 
can interfere with our attempts to make an accurate 
measurement of our test device. Let's investigate further 
the limitations of our measurement system in making 
accurate measurements and some techniques we can use 
to overcome these limitations. 


RE. (retlection 
we ) a " 
Let's take our basic féflectometer setup (using a simple* 
\response calibration) and measure a near Z, termination 
of very high quality. What is causing the peaks and rip- 
ples in the measured results? How accurate is this meas- 
urement? A thin film resistor alone does not exhibit 
these rapid variations with a Unfortunately, 
by 


these variations are caused by limitiations in our meas- 
urement system. 


Measurement limitations (or errors) prevent measured 
data from being a true representation of the unknown 
test device. In all applications, measurement errors can 
influence the application goals. Since measurement 
accuracy is determined by the errors in the system, we 
voll ciscus due princes Os hih ey eg; characterizing 
and mathematically removing as many errors as we can. 
Systematic errors are those which are stable and repeat- 
able. Random errors are those which are random in 
nature and cannot be characterized and removed. Drift 
(or environmental) errors are those associated with tem- 


perature, humiditity, pressure, or other factors related to 
time. 
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ERROR MODEL 


1+ Тя 
(1+ Ta) Sry 


Siy= D+ 
1- Ms Sn, 


5466 


LEAKAGE SIGNAL INDEPENDENT 
к ОЕ 
DEVICE UNDER TEST 


Directivity 


5467 


3-2 


Systematic errors for our basic reflectometer can be mod- 


elled in a convenient manner which allows us to deter- 
mine their respective effect on our measurement. Notice 
that this measurement model is the same mathematical 
one-port model we developed earlier. This is very conve- 
nient since the mathematical solution will have the same 
form with only the variable names changed. 


Random and drift errors are not modelled here but will 
be discussed later in this section. 


D = directivity errors 
T, = reflection tracking errors 
M, = source match errors 


Let's first examine the branch (error) whichynever gets 
to the device under test, the error more commonly 
referred to as Directivity. 


COUPLER DIRECTIVITY 


Coupling 
Factor | 
Source 


Isolation 


| 
| Directivity = Isolation - Coupling Factor 
| 
| 


DIRECTIVITY ERROR 


tg 


СИЕ 


across the coupler. 
CUZ IIT 


A directional coupler couples a portion of the signal 
flowing through the main arm to the auxiliary arm. Let's 
assume the coupler is terminated with a perfect load so 
that there is no other signal present in the auxiliary arm. 


Coupling Forward Input 
Factor _ Coupled _ Power 
(dB) Power (dBm) 

(dBm) 


If we turn the coupler around, terminate the output with 
a perfect load, and flow power in the reverse direction 
through the coupler, we ideally would measure no power 


in the auxiliary arm. However, some energy does leak 
p Ca 


Isolation Reverse Input 
(dB) _ Coupled _ Power 
Power (dBm) 

(dBm) 


The ability to separate signals flowing in opposite 
directions within the coupler is directivity. It is meas- 
ured by relating the power measured in the auxiliary 
arm from the coupler in the forward direction to the 
power measured in the auxiliary arm with the coupler 
in the reverse direction. 


A \ Directivity (dB) = Isolation (dB) — Coupling Factor (dB) 


Directivity error is due to the signal which is detected at 
the coupled port which has not been reflected by the 
DUT. It leaks off before it gets there due to: 


l. The imperfection of the signal separation device. 


2. The adapters or test cables that physically connect to 
the device under test. 


These errors combine vectorally with the true reflection 
coefficient (s;,,) to yield an inaccurate value for the meas- 
ured data. We will call the combined vector errors: 
Overall Directivity. 
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INTERACTION OF DIRECTIVITY 
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We can see that the ripple in our initial measurement is 
largely caused by the directivity error. At the peaks, the 
device's reflection signal adds in phase with the direc- 
tivity signal, producing a data maximum signal. At the 
low valleys, the directivity signal and the device data are 
approximately the same magnitude but out of phase with 
each other producing a data minimum that approaches 
negative inifinity. Between the peaks and valleys, direc- 
tivity and device data combine somewhere between the 
out-of-phase and in-phase conditions. 


Let's consider the effects of adapters and cables. As an 
example, let's consider a DUT which has an SMA male 
connector. Our directional device has a directivity spec 
at 18 GHz of 40 dB with a 7 mm output connector. In 
order to measure our DUT, we will have to adapt from 
precision 7 mm to SMA. 


The resultant overall directivity is the sum of the coupler 
directivity plus the reflection coefficient of the adapter 
(total = P aper + overall directivity). For example, a 
precision 7mm to SMA adapter with a SWR of 1.06 has 
ар = 0.03 which makes the overall directivity add up to 
0.04 (or 27 dB total directivity). Other combinations of 
adapters can reduce overall directivity even further 
which in this case the worst case resultant directivity is 
14 dB. Overall directivity is the limit to which a DUT's 
RL-or/[- can be measured and even then the error is 


/ + 10096. 


Let's take a look at the next term in our simple reflection 
model. Frequency response error (reflection tracking) 
represents the variation in our system going to and com- 
ing from the DUT. 


FREQUENCY RESPONSE ERROR 


1+T, 
(14T, ) *Sn, 


Reflection Tracking 
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Reflection frequency response is actually a composite of 
the frequency response of the coupler (coupler tracking), 
the test cables and the input mixers or detectors. 


FREQUENCY RESPONSE ERROR 


R A 


ote 2 FE] an 


* Coupler Tracking 
* Test Cable/Adapter Loss 
* Test to Reference Mixer/Sampler Tracking 
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The last term in our model is source match. 


SOURCE MATCH ERROR 


Loop = 
1- Ms Sp, 


Source Match 
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SOURCE MATCH ERROR 
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"ONE PORT" MEASUREMENT MODEL 
a 


ELM 


— 


Sn, 


(1*TÀ) 
Freq Response 


$n, (147, ) 
+ 
1 - М, Su, 


Sny=D 


MEASUREMENT UNCERTAINTY 


Sny 7 Sup. 


$n, (1+Ти) 


Sus Du—L————— 
1- М, Sna 


ASn= Sny- Sn=D+Ta Su + M, Sna? 


3-6 


5475 


5476 


Looking back into a measuring system including all of 
the adapters and cables, we do not see an ideal match. 
When a signal reflecting back off the test device comes 
back into the test system, an error loop is formed with 
signals bouncing back and forth. Since this error is 
related to the product of these terms, it is only a major 
factor when the test device has a high mismatch. For the 
case of semiconductors or out-of-band filter measure- 
ments, it can be a major error approaching 1096: 


Let's go back to our complete model again and its famil- 
iar equation. Let's re-arrange our equation to look at 
how much each term contributes to the overall difference 
А = su Sia \ 


How much relative error do each of the systematic errors 
independently contribute to our measurement uncer- 
tainty? By re-arranging the equation we can look at the 
factors which contribute to the difference between the 
measured value and the actual value. In this arrangement 
it is easy to see that for devices which have very smal! 
reflection coefficients, that directivity is the inajor error. 
For devices which have large reflection coefficients, 
Source match is the most significant error. 


This A equation also establishes the worst case uncer- 
tainty when the only information we have is worst case 
magnitude-data (as with scalar analyzers). That is, we do 
not'know the exact phase or magnitude of the error at 
equency, but we do know the worst case magni- 


lue of the errors over the frequency range of 
interest. 
nnnm 


ACCURACY IMPROVEMENT 


Sty 


Snu 


Measurement Calibration: 


* Characterize Errors - Magnitude and Phase 
* Remove Errors Mathematically 
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MEASUREMENT CALIBRATION 


Step 1 - A "Perfect" Load 


4 
TED 
| Си x Fixed 
Load 
(о) (1+т,) 


Sty =D + 
1-Ms(0) 


Directivity 
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SLIDING LOAD 


5738 


What can we do about improving our measurement 
accuracy? We could buy better hardware which would 
reduce these errors, but that could be very expensive. We 
do know, however, that these errors are vector signals 
and we could mathematically remove them if we could 
characterize them independently. 


Since we have three unknown signals, we will need 
three different standard devices to help us characterize 
these errors. Theoretically any three known devices will 
suffice. 


We begin our measurement calibration process with a 
"perfect" load (p = 0). At lower frequencies (< 2-3 GHz) 
this might be a fixed termination whose reflection is 
known to be extremely low or at higher frequencies it 
might be a sliding load whose reflection is known but 
whose phase can be varied. 


If we substitute zero for the value of s,,,, the second 
term of our equation drops out yielding the measured 
data as directivity. 

The error is reduced to the uncertainty associated with 
the "standard" load. 


The extracted value of directivity is stored in the ana- 
lyzer as an Е, term. 


At microwave frequencies, it is difficult to obtain a load 
which has excellent return loss over a broad frequency 
range. One alternative to characterizing directivity over 
this broad frequency range is to use a sliding load. The 
directivity vector at a given frequency is determined by 
sliding the load on the airline to create. a "circle" of data 
points. The center of this circle is the directivity vector at 


that frequency. 
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MEASUREMENT CALIBRATION 
STEP 2 - SHORT 


Sy, = 1 4 180° 


a> Incident 


= Reflected 


$ Dat Дара, 
"ы 1-м,(-1) 


Reflection Tracking/Source Match 
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MEASUREMENT CALIBRATION 
STEP 3 - OPEN 


=> Incident 


] 
dq Sa, = 1 20° 
T 


€ Reflected " 
——— 

(1) (1+ TA) 
1-M, (1) 


Reflectlon Tracking/Source Match 


MEASUREMENT CALIBRATION 


KEA 
wN 
eese 


Fringing 
Capacitance 


ESS 
НЕНИЯ [Ег 


ae 


SISSA 
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We still have the reflection tracking and the source match 
terms to determine. The two devices we will use are (1) a 
short circuit Г = 1 4180° and (2) an open circuit Г = 1 
10°. 

Measuring the short circuit whose reflection coefficient is 
a -1(F = 1 2180°) sets up One convenient equation. 


The open circuit, whose Г = 1 20°, sets up our neces- 
sary second equation. From these equations we can 
extract source match and frequency response errors of 
the system. Those extracted errors are again stored in the 
analyzer as “Error terms” E, and E,. 


Open circuit capacitance is a good example of of a 

non- "perfect" precision standard. An open circuit has 
a certain amount of fringing capacitance which is a 
function of is physical geometry and the frequency of 
the signal. Since most connectors have some variance 
in their physical dimensions, we use a "shield" to 
reduce this variance in the capacitance and that allows 
us to accurately model that capacitance. If we do not 
account for this open circuit capacitance, we will not be 
able to characterize source match or frequency response 
as well and thus not improve our measurement uncer- 
tainty as much. 


To extract s,,, from our measured value, we use the 
measured (or extracted) values of directivity, frequency 
response and source match which we have stored in the 
analyzer as "E" terms. 


CONNECT THE DEVICE UNDER TEST 


/ 


Since we do not have "perfect" standards with which we 
calibrate our measurement, we cannot totally extract the 
overall system errors. Our measurement model therefore 
does not change, but the values for directivity, source 
match and frequency response are reduced to some 
"residual" value. The better the standards we can use, 
the smaller the residual value of error remaining. 

Soe м. 
Е, ( Snu- E>) + E, 
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This is what corrected data looks like. Notice the data 
has lost its ripple component, is much more realistic, and 
has an average level of return loss. 


BEFORE AND AFTER 
ONE-PORT 
MEASUREMENT CALIBRATION 


Accuracy Enhancement 


Data After 
Accuracy Enhancement 


5483 


The effective improvement (for each of the errors we 


ave discus: isd de n uali - 
ONE PORT don че пева не А renes E ar arss 
ACCURACY ENHANCEMENT and its associated precision 7 mm calibration kit, а sig- 
ан - $, Sm = О + Sq X Ta + Мах Su! О cues, a 
( 7 тт Connector : accuracy after measurement calibration, we use th- A 
Е : Г Typical Typical equation and insert the effective residual error values 
te After | After One-port given. 
Response Calibration Why can't we totally eliminate these errors? Remember 
Calibration (Sn 1-Port that while our standards are precision standards, they 
Directivity (0) | 30 dB 50 dB are not perfect. 
Source Match (Ms)| 16 - 20 dB » 40 dB 
Reflection Тгаск(Тһ) | + 1.5 dB +0.05 ав 
2 
5482 
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MEASUREMENT ACCURACY 
EXAMPLE #1 
Before Measurement Calibration 


dB Value 
12 dB 


30 dB 


Linear Value 
0.25 
0.03 

20 dB ..,,.. ол 

Tr 7 +15 dB 0.19 


ДЗн= = 0+7, Su, + M, Sna? 
ДЗн= =0.03+0.19х0.25+0.1х0.25х0.25 
ДЗи= = + 0.084 
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MEASUREMENT UNCERTAINTY 
REFLECTION 


Su *5Sn 7.334 RL 9.5 dB 


12 dB RL 


RL 16 dB 


$n-4S52.166 
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MEASUREMENT ACCURACY 
EXAMPLE #1 


AFTER MEASUREMENT CALIBRATION 


" dB Value 
m. $ 
D 


Linear Value 


12 dB 0.25 
50 dB 0.0032 
40 dB 0.01 
0.05 — 0.006 


4$11=0+Тя+511А+ М, S11,2 
AS11=0.003 + 0.006 X 0.25-- 0.01X 0.25 X 0.25 
АЗ = + 0.005 
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In determining the accuracy of a measurement, we could 
use the reflectometer calculator we used before or we can 
use the A equation we derived earlier. 


Let's work a quick example. The one-port DUT we will 
use has án s,,4 of 0.25 or 12 dB of Return Loss. We will  } 
use typical overall worse case error values for our sys- 
tem; AlL'values must be converted to linear values to be 
used in the A equation. Simply enter in the appropriate 
linear value indicated by the equation, then perform the 
necessary multiplications and additions. The resulting 
‘value is + As,,. 


To illustrate the uncertainty window of our measure- 
ment, we can add and subtract As,, to s,,, to establish an 
upper and a lower uncertainty boundary for our meas- 
urement. In addition, we can convert the upper and 
lower boundaries to RL values. 


After we have performed a one-port measurement cal- 
ibration, we can use the "after calibration" residual val- 
ues for the systematic errors. This time we should end up 
with a much smaller As,, window. 


MEASUREMENT UNCERTAINTY 
REFLECTION 


$n +4Sn =.334 RL 9.5 dB 


RL 11.87 dB 


12 dB RL 


RL 1222 dB 


Sn -AS n =.166 RL 16 dB 
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THE GENERAL CASE: 
TYPICAL MAGNITUDE UNCERTAINTY 
1-PORT DEVICE 

E 7 


| i Р) 


>” —; Response Calibration 


1-Port Calibration 
> Р As, NE 2 GHz, 18 GHz 
sy" ection Conti icon: 
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PHASE UNCERTAINTY 
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We can convert that A value to an upper and lower win- 
dow again including converting those values to RL val- 
ues. Doing this graphically illustrates the significant 
reduction in uncertainty gained through the accuracy 
enhancement process. 


А more general presentation of measurement uncertainty 
is presented here as a function of s,,. This graph illus- 
trates the typical uncertainty, for both a response 
calibration measurement and a one-port calibrated meas- 
urement, using a synthesizer based network analyzer 
measurement system with precision 7 mm connectors. 
Notice the improvement through accuracy enhancement 
as a function of s,,, for this system. 


What about phase uncertainty? Phase uncertainty is a 
function of both s,, (the result after calibration) and As, ,. 
The worst case phase error occurs when As,, is perpen- 
dicular to the value of Sia; Since As,, is a worst case 
value, Ag which is defined as the arcsin of (As, ,/s,;) is 
the worst case phase incertainty-about У 


3-11 


THE GENERAL CASE: 
TYPICAL PHASE MEASUREMENT 
UNCERTAINTY 
1-PORT DEVICE 


yo 


i 1-Port Calibration 
—+ +> 2 GHz, 18 GHz 


5491 


CABLE PHASE STABILITY 


* AQ induced due to the physical bending of any | 
test port cable. = 


| Typically: 0.05 to 0.1°/GHz | 
Total Phase Uncertainty 


Ao = (вт) cane Sabiny 


$11, 


TWO PORT DEVICE MEASUREMENTS 


enm e Mese qe 


Incident Reflected Transmitted 
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342 


The general case of typical phase uncertainty is shown 
here as a function of s,,. Notice the increase in uncer- 
tainty as s,, becomes smaller. This is because as $1 
becomes smaller, the ratio of 45,,/5,; approaches со. The 
arcsin of such a large number also approaches со. = | 


If a test port cable is involved in measuring s,,, then 
some phase error can be introduced since the cable phase 
changes as it is flexed. Cable phase stablin Ts dep t 
the change in phase induced into the measurement due 


to the physical bending of the test port cable and is usu- 
ally a function of frequency. 


Total phase uncertainty then is the sum of the phase 
uncertainty contributed by As,, and the phase error 
induced by the the test port cables. 


Next, we will consider measuring two port devices. In 
many cases, we are interested in both the reflection char- 
acteristics and the transmission characteristics of our 
unknown device. This presents some interesting interac- 
tions which we need to account for. 


Let's first investigate the additional interactions we need 
to account for when making a reflection measurement. 


2-PORT REFLECTION MEASUREMENTS 
R A B 


ote Shas J 


pes DUT 
1+ Та Se 
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TRANSMISSION MEASUREMENTS 


^ Crosstalk Н 


ow 
2 = 


Source 
And Mismatch 
Frequency Response 


Mismatch 
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TRANSMISSION 
MEASUREMENT MODEL 


1+Тт ] 
> — Out 


Say (1+ Ty) 
17 Ms $n,7 Mi$22, -M, MiS2 Зал 


Заы = C+ 


We can see that any mismatch at the termination of our 
test device has the potential of adding error to our input 
port reflection measurement. The error contribution is a 
function of both the forward and reverse transmission 
characteristics of our test device and the load match pre- 
sented to the DUT. We can easily add this term to our A 
equation to account for its effect. We will refer to this 
term as the overall load match of our test system. 


Next, let's look at transmission uncertainty with our 
two-port device. 


In making transmission measurements of our two-port 
device, we can see that mismatches add with frequency 
response and a leakage signal (crosstalk) preventing us 
from making accurate measurements. The leakage error 
becomes significant when the transmitted signal level is 
reduced substantially by the test device (i.e. high loss 
devices). 


Crosstalk (C) 

Source Match (M,) 

Load Match (M,) 

Transmission Frequency Response (T,) 


The transmission measurement model is shown here. 
Notice the interaction of source match (Мм s,,,, 
load match (М, ) with s,,,, the transmission frequency 
response error (T;) and the crosstalk or leakage (C) error. 
This model also indicates that in order to accurately 
extract 5,1, data, we need io also know accurate Sir $i; 
and s,, information. 
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By re-arranging the equation for the transmission meas- 
urement model, we develop the relationship of each of 
these error terms and how they interact with all four S- 


MEASUREMENT UNCERTAINTY parameters to create a measurement uncertainty for a 


transmission measurement. 


$21,— S21, The mismatch loop of M; * M, * 52, * s; can typically be 
neglected if either s}; * s;; is very small (a good assump- 
tion for devices with > 6 dB of insertion loss, and source 
match and load match are reasonably small) or if M, * M, 
1—Mg$11, — M S22, — M,M, 512,521, is very small (which is true after a full two-port measure- 
ment calibration). 


S21,(1* Tr) 


S214,- C-* 


AS21- S21, — 921, = 
C T,- S21, - MS11,S21, +M, + S21,522, 
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Again, through a full two-port measurement calibration, 
we can characterize and mathematically remove the 


TRANSMISSION effects of these errors. 
MEASUREMENT CALIBRATION We use a one-port reflection calibration to get source 


match, a through connection to characterize transmis- 
sion frequency response and load match, and an isolation 
calibration to determine transmission leakage or 
Characterize and mathmatically remove system- crosstalk. 

atic errors from measurement. 


- Reflection Са! M,,D,T4 
- Thru connection Ty, M, 


- Isolation measurement C 
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A complete full two-port measurement model looks like 
this. Notice there is a model for both a forward and a 
TWO-PORT reverse direction measurement. 


COMPLETE MEASUREMENT MODEL Remember, in order to extract any single S-parameter of 
AN EXAMALE "mp our DUT, we need to measure and extract all of them. 
Forward 


RF in 


Ca | 
Test Port 1 Test Port 2 


5498 Š 
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TRANSMISSION CORRECTION 
COMPLETE MODEL 


f ($17 Ех») | + ам Eon) 


t. En ХЕ 


Sun 


Esa 


mam] (Sia 7 Eon) 
Ew Era 


=f 


* Requires measuring all four s-parameters. 


OVERALL TWO-PORT 
MEASUREMENT UNCERTAINTY 


ASa = C*TrSaz, *Ms*Sn,* S tM, * $224 * 5214 


{ypiced Myplcad 
Reponse АНЫ 
Measurement Pull 2 Por 


Calibration 7 тт Calibration 
30 dB 50 dB 
16-20 dB >40 dB 
t15 dB £0.05 dB 
t0.2 dB £0.03 dB 
16-20 dB >40 dB 
90 dB 2100 dB 


MEASUREMENT ACCURACY 


EXAMPLE #2 
- MEASUREMENT CALIBRATION COMPARISON 


$n,2 $1, = 20 dB IL (0.0 
$n, = 5 dB RL (0.56) 
$22, = 16 dB (0.15) G 
Response Р 2-Port 
Crosstalk (C) -90 dB -100 dB 
Transmission Tracking (Ty ) t0.2dB +0.03 dB 


Source Match (М; ) 20dBRL 40 dBRL 
Load Match (M,) 20 dB RL 40 dBRL 


A typical equation to extract one S-parameter looks like 
this, It uses the measured error values which we have 
stored in the analyzer as “Е” terms. Notice, we need 
both forward and reverse error values to exrract s;,,. 


The accuracy enhancement process can significantly 
reduce the effect of these measurement errors. We can 
use the transmission А equation to compare before and 
after calibration accuracy. 


Let's work a simple example: in this case we will use as 
our DUT a device which has 20 dB of insertion loss in 
both directions, and has a 16 dB return loss at one end 
and a 5 dB return loss at the other end. Again, we need 
to convert all terms to a linear value before we can use 
the As;, equation. In this example, we will compare 
uncertainties for two different measurement calibrations: 
Response Calibration and a Full 2-port Calibration. 
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А$л = Ct TreSaytMseSuye 521, *M • $224 * Sn, 


© Convert all values to Linear 
Response 
А $21 = 0.00003+0.023х0.1+0.1х0.1х0.56+0.1х0.1х0.15 
= 0.009 


Full 2-Port 


А $21 = 0.00001+0.0035х0.1+0.1х0.01х0.56+0.1х0.01х0.15 
= 0.001 
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MEASUREMENT UNCERTAINTY 
TRANSMISSION 


19.25 dB 
|. __ 19.91 dB 
LOK ели 


m Full 2-Port 


20.82 dB 
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THE GENERAL CASE 
TYPICAL TRANSMISSION MAGNITUDE 
UNCERTAINTY 


Response Calibration 


Full 2-Port Calibration 
2 GHz, 18 GHz 


(511—822 0.1) 
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To properly use the A equation to determine measure- 
ment uncertainty, all values must be in a linear form. The 
calculations for the two different calibration levels is 
shown here. 


The resulting As, can be graphically displayed around 
5514 to show an uncertainty window. We can also convert 
the upper and lower values of this window into dBs to 
display the window in insertion loss. Notice the signifi- 
cant improvement (reduction in uncertainty) that the Full 
2-port Calibration offers to a measurement. 


How does all of this typically add up as a function of 
insertion loss? 


The more general display of transmission magnitude 
uncertainty is shown here as a function of s,,, (insertion 
loss) for both the response calibration measurement and 
a full two-port calibrated measurement. For these curves, 
we have assumed a reference power level of — 10 dBm 
and that s,, = S} = 0.1 (20 dBRL). 


THE GENERAL CASE 
TYPICAL TRANSMISSION PHASE 
UNCERTAINTY 


esponse Calibration 
Full 2-Port Calibration 


— ., 2 GHz, 18 GHz 


($11= $22 = 0.1) 


DYNAMIC ACCURACY 


* Relative accuracy of detectors and IF amplifiers as а 
function of input power. 
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MEASUREMENT ERROR MODELING 


SYSTEMATIC 


RANDOM 
DRIFT 


Measured 
Data 
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Transmission phase uncertainty is determined in the 
same manner as reflection phase uncertainty, We can see 
a considerable improvement in phase uncertainty from a 
response calibration to a full two-port calibration. 


There is one last systematic error we have not discussed 
that can affect our measurement. It is one we do not 
characterize and remove. 


Dynamic accuracy is the relative accuracy of the detec- 
tor/amplifier IF path as a function of input signal level. 
Usually specified in dB of error for a given input power 
level (dBm). This particular graph has converted the 
absolute DA error to a relative error which is a function 
of the power level at which we make our measurement 
calibration. 


In addition, the dynamic accuracy error is added to the A 
equations as shown. 


Aa" Sia 
DLE 


Reflection 


Transmission 


So far we have identified most of the Systematic errors 
inherent in any network analyzer system. There are 
other factors, though, which can impact the measure- 
ment accuracy of any measurement system — those 
Which are random in nature and those which are related 
to temperature drift. 
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RANDOM ERRORS 


Nolse 
* Low Level Nolse Floor 
= 85 to 110 dBm 
* High Level Source Nolse 
Typically + 0.004 dB 
Connector Repeatability 


* Small Random Variations When 
Making Connections 
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DRIFT ERRORS 


Temperature Variation 


* Magnitude Typically 0.0015/ *C 


* Phase Typically 
0.1°/ °С + 0.05°/GHz/ °C 


The two random errors which we will discuss are noise 
and connector repeatability. ~ 


There are really two different types of noise we need to 
account for in any measurement system: low level noise 
(i.e. noise floor) and high level noise (i.e. phase noise of 
Source). 


Low level Noise: the broadband noise floor of the receiver 
which can be varied through averaging or reducing the IF 
BW. 


High Level Noise: noise or jitter of the trace data due to 
instability of the source. Synthesizers contribute much 
less high level noise (0.004 dB typically) than does a 
sweeper. 


Connector repeatability is the random variation en- 
countered when connecting a pair of RF connectors. 
Variations in both reflection and transmission can be 
observed. Connector repeatability will limit the extent 
to which we can measure a very low reflection coeffi- 
cient or resolve a low loss transmission device. 


Drift has two different sources: instrumentation and 

source drift. Instrumentation drift is largely due to tem- 
perature variations in the environment where the meas- 
urement system exists. As we can see here, there is both 


а non-frequency-dependent term as well as a frequency- 
dependent term. 


Temperature drift is then added to our A equations. 


area arene engineerin renee 


Our total measurement uncertainty then is the sum of 
the systematic, the random, and the drift errors. 


TOTAL MEASUREMENT 
UNCERTAINTY 


Uncertainty = Systematic + Random 
* Drift 
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When doing measurement calibrations, it is a good idea to 
minimize measurement problems by keeping connectors 
clean and free of defects. Also check test port cables and 
calibration kits for wear and repeatability periodically. 


GOOD MEASUREMENT HABITS Refer to HP’s connector care manual (HP part number 
08510-90064) or Application Note 326 for more 
* Keep Connectors Clean and Free of Dirt information. 
It is also a good idea to quickly check a measurement 
* Quick Check of Measurement Calibration calibration when you have finished. A quick check will 
When Completed ensure you have not made any mistake in connecting 
and measuring the standards during the calibration 
* Save Measurement Calibration In Either process. 


Internal Memory or External Memory 2. 
In addition, it is also recommended that you save your 


measurement calibration /instrument state in either inter- 
nal memory or external memory after you have completed 
the calibration process. 
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What level of measurement calibration do I use? Much of 


that answer depends upon the device under test and the 
ACCURACY ENHANCEMENT level of accuracy you need when making the 
SUMMARY measurement. 
When te vee A response calibration, which we discussed in the trans- 


mission and генеспоп measurements sections, compen- 
* Transmission Measurement : ed " 
н pue. sates for the difference in in the magnitude and phase 
When the Highest Accuracy Not Required tracking between the reference channel and the test 
channel. It does not, however, compensate for any port 
match, crosstalk, or directivity effects. 


* Reflection Measurement Highest Accuracy 
fer t-Port Devices could be used for 


virent Braet antan Ап $,, one port calibration provides for complete meas- 
© Transmission Measurement urement calibration for one-port devices. 


+ Reflection Measurement $ 3 А 
Highest Measurement Accuracy A full two-port calibration compensates for reflection 


For 2-Port Devices and transmission errors, and provides the maximum 
level of accuracy enhancement for two-port devices. 
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CALIBRATION STANDARDS 


* Open/Short/Load (Fixed)/Thru 
Open/Short/Load (Sliding)/Thru 
Open/Short/Load (Offse/Thru 
ShorV/Offset Short/Load/Thru 
Thru-Reflect-Une (TRU 


OFFSET LOAD CALIBRATION 


D oneet Load 


Ө (offset length) must be precisely known 


OFFSET SHORT CALIBRATION 


>= 


* Precision airline and short can be used 
In place of the open In coaxial systems 


* Precision shim and short must be used 
In place of the open in waveguide systems 


Up to this point, we have only discussed 2-port calibra- 

tions using the traditional open/short/load/thru cal- ( 
ibration standards. However, it is not always simple to 
manufacture these standards, especially in a non-coaxial 
media. 


Fixed broadband loads are difficult to manufacture, even 
in a coaxial environment. So for greater precision, we 
may use a sliding load in place of a fixed load. 
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At millimeter-wave frequencies in a waveguide environ- 
ment, the offset load standard is usually recommended 
over the sliding load for more accurate measurement of 
the directivity vector. Both the load and offset load are 
measured, establishing two points on the directivity cir- 
cle. By knowing the angle between them, the center of 
the circle can be precisely determined. 
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The offset short is used in place of the open circuit in 
waveguide environments, where an open circuit stan- 
dard is not possible. A precision airline and short circuit 
may also be used in place of an open circuit in a coaxial 
system. 


THRU-REFLECT-LINE (TRL) 


* Full 2-Port Calibration 
| Requires S-Parameter Test Set 


* Solves for same errors as 
| Open/Short/Load/Thru 
(Full 2-Port) 
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TRL CALIBRATION METHOD 


| Calibration steps 


(CI CR] фы 


Reflect 


de 
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TRL CALIBRATION STANDARDS 


* Thru 


р " Zara |snath ar c^n-7»ro panats 


* Reflect 
ш Unknown high reflection 
i = Same response at Port 1 and Port 2 


* Line 
= Different In length than “Thru” 
в Reflectioniess 


7665 


An alternative to the full 2-port calibration is the thru- 
reflect-line (TRL) calibration method. The TRL method 
uses the same error model as the standard calibration 
approach, and therefore solves for the same error terms 
as the full 2-port technique. Although this method 
requires an S-parameter test set, less information is 
required about the standards used. 


The first step of the calibration method is to connect the 
test ports together for a "thru" connection. The next step 
is to connect a "reflect" of unknown high reflection to 
each test port. The last step is to insert a reflectionless 
“line” that is different in length from the "thru". 


The ideal "thru" is of zero-length and zero-loss and is 
used to establish a plane of reference. It is also possible 
for the “thru” to be non-zero length. The "reflect" stan- 
dard should present the same unknown high reflection 
to each test port. And the “line” is assumed to be differ- 
ent in length from the "thru" as well as reflectionless. It 
is the impedance of the line that determines the reference 
impedance of the final measurement. 


These standards are used to solve for the same 12 error 
terms that were arrived at with the full 2-port calibration 
method. 
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REASONS FOR USING TRL 


Fewer known standards required 
Standards simpler to realize 


Useful for поп-соах!а| media 
(Wavegulde, Microstrip) 


Highest precision for coaxial 
measurements 


ACCURACY OF ERROR СОВВЕСТ!ОН 
Comparison (7 mm) 18 GHz 


Residual | Open Short |Open Short | Open Short 
Errors | Load-fixed |Load-slide |Load-offset 


Match -42 dB |-60 dB 


Tracking 1.035 dB | to M 
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The TRL calibration method offers the advantage of sim- 
plicity and accuracy over other calibration techniques. It 
is especially useful in unusua! transmission line environ- 
ments such as microstrip where standards are difficult to 
achieve. 


This chart compares the relative accuracy of different cal- 
ibration standards and calibration methods. The open/ 
short/fixed load calibration is the most convenient but 
the least accurate. The offset load calibration provides 
improved accuracy over the sliding load calibration. And 
the TRL calibration method provides the best accuracy 
and can be used in non-coaxial measurement environ- 
ments as well. 


( 
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So far, this seminar has covered what a network analyzer 
is, how it operates, and what type of measurements it can 
make. This next section concerns a different type of meas- 
urement: a time domain measurement. The nature of a 
network analyzer is to measure in the frequency domain, 
but it can also make time domain measurements by cal- 
culating time domain results from frequency domain data. 
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A network analyzer measures device parameters in the 
frequency domain. The response of a linear device meas- 
FREQUENCY DOMAIN ured as a function of frequency completely characterizes 
that device in a specific impedance environment. This 
does not, however, give much information about why 
the device behaves as it does. For this reason, we turn 
to time domain measurements. 


Frequency 


* Response as a function of frequency 
e How a device behaves 
ө Traditional network analysis 
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Time domain measurements show how a network 
responds to a specific waveform. By looking at the 
reflections of a signal off the network, the component 
reflections which make up the reflection coefficient 
measured in the frequency domain can be identified. 
Similarly, by looking at the signal transmitted by the 
device, the signe! paths inside the network which make 
up the transmission coefficient measured in the fre- 
quency domain can be identified. 


TIME DOMAIN 


k 


Time 


* Response to a specific waveform measure vs. time 
® Insight into why a device behaves as it does 
* Measured directly or calculated 
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Identity Circuit Elemen 


WITH THE TIME 
DOMAIN 
INFORMATION 
WE CAN: 


Locate Faults 


OUTLINE 


Background information 


Simple measurements 
* reflection 
* transmission 


The inverse transform 
* How it really works 


Some Measurement Considerations 
Example messurements 
Gating 


a PA REN RAP: 
[24 SianCcoN . 


* What а time domain measurement із 
* How they are made 
* The systems to make them 
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What insight does the time domain response of a device 
provide? Reflection responses show the location and 
impedance of different elements inside the network. 
Transmission responses show main signal paths, isola- 
tion problems, and internal reflections. Some example 
applications include: 


e Identifying and analyzing circuit elements. 
* Locating faults within a well known network. 
* Identifying and removing unwanted responses. 


This section of the seminar starts with basic measure- 
ment systems and simple measurements, and covers top- 
ics as advanced as the inverse transform and gating, 
including discussions of practical measurement 
considerations. 


The first topic is background information about the 
measurement systems: what they are, and how they 
work. 


А time domain measurement can be made directly by 
sending the known waveform out to the test network and 


TIME DOMAIN MEASUREMENT measuring the waveform returned as a function of time. 
The delay of the returned waveform shows the distance 
e Made Directly to the network, and the shape of the returned wave 


shows the impedance of the network. 


Send known wave out: 


Traditionally, these measurements have been made with 


a time domain reflectometer (TDR), a system which will 
| | С be discussed later. 
| Measure wave retumed: 


о 
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An indirect time domain measurement can also be made. 
This is accomplished by measuring the response of the 
device in the frequency domain with a vector network 


TIME DOMAIN MEASUREMENT analyzer, and then using that information to predict the 
—n response of the network to a specific waveform. The key 


to making the time domain prediction is the inverse 
Fourier transform. The way the inverse Fourier trans- 

Inverse Fourier form is used to calculate the predicted response is 
discussed in detail later. 
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The three available waveforms in HP vector network 
analyzers are a step, an impulse, and an RF burst. The 


AVAILABLE WAVEFORMS RF burst is, effectively, an RF carrier modulated with an 
| impulse, and is also called a band pass stimulus. The 


need for an RF burst arises when a device will not pass 


/ low frequencies, where most of the energy ofa ea or 
| Б ыы impulse is concentrated. sa Ea yes 


| — EM MM 


RF Burst 
(Band pass impulse) 
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WAVEFORM CHARACTERISTICS 
Step Impulse 


10-90% 50% 


| 
j Pulse 
width 


| Г Risetime 


e Risetime and pulse width are inversely proportional to 
bandwidth 


AVAILABLE MEASUREMENT 
SYSTEMS: 
e Time domain reflectometer (TDR) 
e RF burst system 


e A network analyzer based system 
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DIRECT MEASURING 
TIME DOMAIN REFLECTOMETER (TDR) 
Impulse or Step 


e Requires DC path 
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The step waveform is characterized by its 10 to 9096 
risetime and its percent overshoot. The impulse and band 
pass impulse are characterized by their 5096 pulse width 
and their sidelobe level. In a direct measurement system, 
these are the specifications of the incident waveform. In a 
network analyzer based system, these specifications are 
set by the bandwidth of the frequency domain measure- 
ment and pulse shape (window) used in the transform. 
Recall that in all systems, risetime and pulse width are 
related to bandwidth: greater bandwidth yields faster 
pulses. 


There are three systems that make time domain meas- 
urements: TDR's, RF burst systems, and vector network 
analyzers. The first two make time domain measure- 
ments directly. The network analyzer makes time 
domain measurements indirectly. 


A direct time domain measurement system consists of a 
signal generator, a signal separation device to split out 
the response, and an oscilloscope to display the results. 
Shown here is the block diagram of a traditional time 
domain reflectometer (TDR): it can be either a step or 
an impuke setem, depending on the source used. А 
step generator provides a train of very fast steps, and 
an impulse generator provides a train of very short 
impulses. A repetitive stimulus is used so that the 
oscilloscope can trigger. 

The TDR block diagram looks much like a network 
analyzer block diagram, and they suffer from the same 
measurement errors: the test ports are not exactly 50 
ohms, the signal separation device is not perfect, and 
all the signals paths do not have flat insertion loss 
across frequency. A traditional TDR has no way of 
removing or correcting these errors. 


An RF burst system is used when the device under test is 


either high pass or band pass limited. This includes 
DIRECT MEASURING waveguide systems, DC blocked cables, and high or band 
BAND PASS SYSTEM (RF BURST) pass networks. To minimize the band limitations, the 


impulse is translated up to the frequency range of inter- 
est, and then detected using a broadband diode detector. 


Because this mode is primarily used to measure band 
pass networks, it is referred to here as a band pass 
System. 
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The method we are concerned with, however, is using a 
network analyzer to make time domain measurements, 


The network analyzer measures the frequency response 
NETWORK ANALYZER of the device, and with the time domain option it calcu- 
WITH TIME DOMAIN OPTION lates either the step, impulse, or band pass response of 


the device, as selected when the transform is activated. 
* Step 

* Impulse 

* Band pass (RF Burst) 


EE м 
RCNH 


HP 8753 HP 8720 HP 8510 
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understand the difference. A network analyzer can offer 
COMPARISON OF TECHNIQUES more bandwidth than a TDR $ 
bandwidth used can be selected by the operator. The net- 


Direct System (ТОА) Network Analyzer. . | „work analyzer, since it has a tuned receiver, offers much 
better noise performance than a broadband direct meas- 
* Fixed bandwidth Variable bandwidth uring system. Lastly, a network analyzer calculates its 
® Broadband Tuned receiver time axis, making it very stable and accurate. A direct 
© Trace jitter Computed system depends on the oscilloscope trigger, which can 
© Non-ineer Error corrected lead to trace jet. 
characteristics Linear characterization А direct system, however, can show non-linear system 
Gating characteristics in the time domain, such as slew rate 
Bandpass mode between the power supply rails. A network analyzer, 


alternatively, has error correction to improve system 
specifications. And finally, the gating function and the 
bandpass mode are only available on the network 
analyzer. 
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A NETWORK ANALYZER AS A 
MEASUREMENT SOLUTION: 


e Both frequency and time results 
€ The ability to remove unwanted responses 
through gatingl 


REFLECTION MEASUREMENTS 


€ Shows different elements 


REFLECTED SIGNAL 


_ Vreflected 
Vincident 


ө pin TDR is positive or negative 
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Aside from being a high performance time domain meas- 
urement system, a network analyzer taken as a whole is a 
powerful measurement solution. The availability of both 
the frequency and time domain information allows more 
complete and accurate characterization of devices. Fur- 
thermore, the time domain option includes a powerful 
capability called gating. With gating, the operator can 
identify unwanted time domain responses, remove them, 
and then view the corrected frequency domain results. 


Given the preceding time domain background, the next 
step is to consider some simple time domain measure- 
ments. The approach taken here is to show what differ- 
ent simple circuit elements do to the test waveforms. 
Non-reactive impedance changes are considered inde- 
pendently from reactive impedance changes because 
their effects add linearly. 


In a reflection measurement, the test waveform enters 
the device under test and a portion of the waveform is 
reflected back by each element in the device under test. 
Each reflection is separated out by the signal separation 
device and measured. 


The time domain di shows, then, the reflected 
signals. On a vector network analyzer, the signals are 
shown normalized to the incident waveform, so that 
the real portion of the data is the reflection coefficient 
as a function of time. The magnitude of each reflection 
is related to the impedance mismatch at each element. 
The delay of each reflection is proportional to the dis- 
tance to each element. 


The reflection coefficient in the time domain is slightly 
different than that in the frequency domain. In the fre- 
quency domain, Г is complex, and p is magnitude only. 
In time domain, p is defined as the ratio the 
incident and reflected voltages, which means it can be 
either positive or negative. 


The shape of the reflected wave indicates the i 
of the DUT. If the DUT is non-reactive, the reflected 
wave shape will be scaled but not distorted. 


SOME SIMPLE CIRCUIT ELEMENTS: 


— — — —« Open Circuit 


——— Short Circuit 
— wem 
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OPEN CIRCUIT 
RESPONSE 


The easiest responses to interpret are from simple, non- 
reactive circuit elements: opens, shorts, and impedance 
mismatches. As mentioned before, non-reactive elements 
are the easiest to analyze because they do not distort the 
incident waveform. 


Ап open circuit has infinite impedance, so 
S. 
p E. 


Recalling the discussion earlier, an open circuit is 
expected to have zero return loss with zero phase shift, 
which relates to a reflection coefficient of +1. From 
Kirchoff's law, no current can flow at the open node so a 
positive voltage pulse has to travel back down the line to 
negate the current flow. The measured result is the test 
waveform reflected back without modification. 


Note that the band pass mode calculations, without the 
low frequency information, yield twice the pulse width 
of the low pass mode. 


mE 
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SHORT CIRCUIT 
RESPONSE 


й M Magnitude only. 
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MISMATCH 
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The logical opposite of an apen is a short circuit. A short 
has zero impedance, so 


- А-5 2 
PULSA 


In the frequency domain, a short has a return loss of 
zero and a phase shift of 180 degrees, which relates to a 
reflection coefficient of —1. From Kirchoff's law, the 
voltage must be zero at the shorted node, so a negative 
voltage pulse equal in magnitude to the incident pulse 
travels back down the line to negate the voltage at the 
node. The measured result is the test waveform inverted 
and reflected back. 


Note the differences in the three measurement types. 
The step response has a sense of history as compared 
with the impulse response. It is in fact the integral of the 
impulse response. The band pass (RF burst) response 
shows only the magnitude of the impulse response, but 
with twice the pulse width. 


аи 


An impedance mismatch will cause a reflection some- 
where in between that of a short and that of an open. A 
high impedance termination causes a positive reflection. 
Shown here is a termination of Z= 100 Q, so 


100—50 


= +0. 
100+50 us 


р= 


PTT 


MISMATCH 


® Low impedance 


-z5!*P.280 
z-nii-n 
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REACTIVE ELEMENTS 


— i Capacitor 


554 


A low impedance termination causes a negative reflec- 
tion. Shown here is a case where Z= 26 (1, so 


26—50 


ces ww OBIS: 
26450 


p= 


The reflection coefficient of a reactive device changes 
as a function of time when it is excited with a step or 
impulse, distorting the reflected wave. The reflected 
wave shape will show, then, the impedance of the 
device. 


Simple reactive responses can be related to the responses 
of discrete shunt capacitors and series inductors (negative 
and positive reactance.) 

The response of a reactive element is characterized by the 
exponential time constant T. For a shunt capacitor: 


-c.RA. 
T Cu 
For a series inductor: 
=. 
REZ 


Where R is the terminating resistance. The time constant 
T is easiest to calculate from T=t/.69 at the half voltage 
point of the exponential curve. 
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vs sign of reacta: 


e Shows location of 


4H Inductor 


ө Shows value of reactance 


wy esse 


e Shows location of element е Shows sign of reactance 


LIMITED RISE TIME 


Fast riso time 


е Not fast e h to fully 
charge the inductor. 

€ Obscures location and 
reactance of the olement. 
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The capacitor's step response is the easiest response to 
understand. When the capacitor first sees the step, it 
passes the current and looks like the terminating imped- 
ance, But as the capacitor charges up, it begins to block 
the DC and behave like an open, leaving only the termi- 
nating 50 ohms. 


From this measurement of a 1 nF capacitor, the half 
charge point comes at 17.5 ns. Since the terminating 
impedance is 50 ohms, 


_ (R+Z) _ 
с 70.69 RZ, 1.0 пЕ. 


The impulse response can be predicted by taking the 
derivative of the step response. 


The inductor's reaction to a step is to resist the rapid 
change of the edge, making it look like an open. But after 
the step passes by, the inductor will pass DC, and look 
like its terminating impedance. 


From this measurement of a 1 pH inductor, the half 
decay point comes at 6.1 ns. Letting the series resistance 
be zero, we calculate 


L- MALA —0.88jH. 


The reactances measured here are quite large. When the 
reactance is small compared to the rise time of the step, 
the risetime limits the response. When the risetime of 
the step is too slow, the element will discharge through 
the terminating Z, almost as fast as it charges, making 
the response difficult to characterize. For ar inductor, 
the result is a hump. For a capacitor, it is a dip. It is still 
possible to estimate the magnitude of the reactance from 
such a response because the height of the response is a 
function of risetime and reactance. 


TRANSMISSION MEASUREMENTS 


—{ }— 


€ Shows signal paths 
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TRANSMITTED SIGNAL 


=V transmitted 
Vincident 


т 


T = path delay 


5549 


SIMPLE ELEMENTS 
WN TRANSMISSION 
* non-reactive impedance change 


* reactive elements 


In a time domain transmission measurement, the test 
waveform enters the device under test and divides be- 
tween all the transmission paths through the device. 
After traversing the transmission path, the signal arrives 
at the output of the device and is measured. 


5 


The time domain display shows, then, the transmitted 
signal. An individual response indicates a discrete signal 
path through the device under test. The magnitude of the 
transmitted signal is the transmission coefficient of a 
given transmission path, and the delay of the signal is 
related to the transmission path length. 


The transmission coefficient is the ratio between the 
incident and transmitted waveforms. Because of the com- 
plexity of most transmission paths, impulse is much 
more commonly used than step. 


Simple efements have a characteristic transmission 
response just as they have a characteristic reflection 
response, but it is not generally possible to identify ele- 
ments in transmission because each element in a system 
will operate serially on the same incident pulse. Instead, 
we use the knowledge of what simple elements do to a 
passing signal.to help identify different transmission and 
re-reflection paths. 
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NON-REACTIVE IMPEDANCE CHANGE 


Whatever energy is reflected or absorbed is not transmitted 
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TRANSMITTED RESPONSE: 
INDUCTOR 
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TRANSMISSION PATHS 
THROUGH A CABLE 


LELO As 
JEER RTI 
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A simple impedance change does not dissipate any 
energy, so whatever energy is not reflected is transmit- 
ted. Since power equals V?/R, the transmitted voltage 
may actually be larger than the incident voltage if the ter- 
minating impedance is larger than the originating 
impedance. The expression for the transmitted voltage is: 


t= I+. 


If the junction is resistive, the transmitted voltage will be 
degraded by the series resistive loss. 


The transmitted response from a series inductor is the 
voltage that passes through the inductor as it discharges. 
The effect in the time domain is to slow down the step. 
This relates to the frequency domain, where the low pass 
configuration of the inductor attenuates the high fre- 
quency components of the step. The shape of a given 
response shows whether the element is in a high or low 
pass configuration: it is not possible to tell if the element 
is a shunt capacitor or a series inductor from the trans- 
mitted response. 


An example of multiple paths through a device is a 
slightly mismatched cable. Some of the signal will travel 
straight through the cable, but a portion will reflect off 
the output, reflect again off the input, and finally reap- 
pear at the output as a triple travel term. 


en 


RE-REFLECTIONS 


e Combine reflection and transmission 
effects into reflection measurements. 


For example, an RL circuit. 


TO 100nH 
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REFLECTION RESPONSE 
OF THE RL CIRCUIT: 
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RE-REFLECTIONS IN 
THE RL CIRCUIT: 
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Measurements of real networks always combine trans- 
mission and reflection effects. Consider measuring with 
this RL circuit, in which the discrete resistor and induc- 
tor are well separated. 


The circuit has a characteristic step response: the resistor 
and capacitor responses discussed earlier are easily 
identifiable. 


The reflected step from the resistor lifts the response of 
the inductor: the height of the inductor's response is 
measured from the baseline immediately before the 
response was received. Not only does the inductor 
response add on top of the resistor response, but the 
magnitude of the inductor response is reduced each time 
it passes through the resistor. 


Farther out in time, there is a stray response. Because the 
resistor and the capacitor are mismatched and far apart, 
the waveform will bounce in between the two, causing 
the extraneous reflection response seen here. The magni- 
tude of the re-reflection can be predicted since the step 


г. “vat петелот by the resistor, reflected by the inductor, + 
reflected by the resistor, reflected by the inductor, and 


finally transmitted by the resistor. 
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MASKING 
The RL circuit will affect the response from elements after it 


The resistor/inductor pair limits 
the risetime of the system. 
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MORE RE-REFLECTIONS 


Increasing key path lengths separates responses. 
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THE INVERSE 
FOURIER TRANSFORM 


(how it realty works) 
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Each time a waveform traverses the circuit, it will be 
modified by the transmission response of the circuit. 
Suppose this circuit was the front end of a larger cir- 
cuit. The measured responses from elements after the 
RL circuit will be significantly modified. In this case, 
the circuit is terminated by an open circuit. Instead of 
being a unity magnitude reflection, the response has 
been reduced in magnitude by passing the resistor 
twice, and its rise time has been slowed by passing the 
inductor twice. The RL circuit is said to be masking 
the responses of later elements. 


Note that since elements in the network itself are limit- 
ing the risetime of the step, using a faster incident step 
will not result in a faster step response. The only way 
to get a faster response is to calibrate out the RL 
circuit. 


Lastly, since the circuit and the open are badly mis- 
matched, there will be re-reflections between the two. 
The actual reflection paths can be deduced by carefully 
noting path lengths. In this case, extra cable length 

was added in before the open in order to separate the 
response of the open from those re-reflections. This is 
an important technique for separating responses, partic- 
ularly when the gating function (which will be 
discussed later) is used. 


Now that we have seen what the basic measurements are 
in the time domain, let's return to the topic of how the 
measurements are made with a network analyzer. 


The purpose of this next section is to show how the fre- 
quency dowain mecsu emeni will effect che tine doinzin 
results. 


* анас за. 


HOW А NETWORK ANALYZER 
MEASURES IN THE TIME DOMAIN 


SPECTRUM OF AN IMPULSE TRAIN 


Wl, 
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A network analyzer has a tuned receiver, measuring at 
discrete frequencies. In order to use the network ana- 
lyzer's basic high performance to make time domain 
measurements, the frequency domain data has to be con- 
verted to time domain data. 


The way to do this is to build the impulse or step out of 
the frequencies measured. The process is one of measur- 
ing many different frequencies and adding the scaled 
responses back together. To see how this can happen, 
let's go through the process of synthesizing an impulse 
response. 


In order to build an impulse from discrete frequencies, 
we have to know what frequency and magnitude sine 
waves to use. To get this information, we calculate the 
frequency spectrum of an impulse train. The result will 
be a comb of spectral lines whose magnitude rolls off 
abruptly at high frequency. The faster the impulse, the 
higher in frequency the cutoff will occur. The spectral 
lines are spaced 1/rep rate. 


Therefore, building an impulse train out of discrete fre- 
quencies entails adding together many sine waves of the 


same magnitude and of frequency: 
N 


Fe 


where n= 
123...N 


T = puke rep rate 
The larger the N, the more bandwidth, and the narrower 
the impuke. The larger the T, the longer time range 
between impubes, but if М is not increased, the 
bandwidth is reduced. 
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THE RESULT: 


* Repeats ah 
* Greater bandwidth yields more narrow impulse 


IMPULSE RESPONSE 


* Send sine waves out to the DUT before adding them. 
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For example, let's synthesize an impulse out of three si 
waves. The first point is Fo, the fundamental чепсу 
of the impulse train spectrum. The impuke train will 
repeat at one over the frequency of the fundamental. 
Then add in the first harmonic: 2 Fo. The impulse start: 
to become defined. As the secarid harmonic (3 Fo) is 
added in, the increasing bandwidth makes a narrower 
pulse. The more points used, thé more bandwidth 
included, and the narrower the'impuke will become. 


Hence, to use a network analyze to build an impulse, 
sample frequencies at harmonic intervals, starting with 
the еже М becomes thé number of points in th 
Sweep, and Fo the start freq 1 

have a function called "SET FREQ LOW PASS" which 

ensures harmonically related frequencies. 


This process of adding sine waves is expressed mathe- 
matically by the inverse discrete Fourier transform 
(inverse DFT). 


Now that we know how to build an impulse, we also 
know how to build an impulse response. Suppose that 
before adding the sine waves back together, we send 
each one out to a device under test, and measure the 
magnitude and phase offset of the returned sine wave. 
As long as the device is linear, бес not matter if we 
send the whole impulse at once, or if we only send one 
spectral piece at a time: we wil] still get the same 
response. 


RESPONSE FROM AN OPEN CABLE 


2Fo 
Fgranr = Fo 


Sum 


eee Ae 


2Fo 


Fsranr = Fo 


Sum 


Fstop = She Илии 


TIME DOMAIN 


Low pass Impuise <C Impulse 
Low pass step < Step 


Band pass QC» AF Burst 


RESPONSE FROM A SHORTED CABLE 


atan a анага Aa a Rai RO ons 


As an example, consider a short length of open cable. 
The reflection coefficient of the open is + 1, so that the 
sine waves reflected from the cable will be unity magni- 
tude, and show the linear phase shift due to the cable. 
When the offset waves are added back up, the result is 
same impulse as before, but delayed in time. The mathe- 
matical process this time is expressed by: 


a(t) È M(nF,;)«cos(nF,t + P(nF,)) 


where 
М(пЕ,) = measured magnitude 
P(nF,) = measured phase 


Alternatively, consider a length of cable terminated in 
a short. The short has a reflection coefficient of — 1, 
which to a sine wave means 180 degree phase shift. 
Hence, the reflected wave from the cable will have the 
linear phase shift due to the cable length, and it will 
have been rotated 180 degrees. The result when the 
waves are added together is a negative going impulse, 
delayed in time. 


And thus we have the basis for the time domain option 
to certain HP vector network analyzers - Option 010. 
The Option 010 is a sophisticated, high speed algorithm 
that converts the frequency domain data to the time 
domain. ‘ihe algorithm will calculate the equivalent of 
either an impulse, a step, or an RF burst. The result cal- 
culated by the time domain option is the same result 
that would be measured by the corresponding direct 
measuring system with the same bandwidth and pulse 
shape. 
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LOW PASS MODE 


© Offers both step and impulse 


n 


o Uses harmonic frequencies 


BANDPASS MODE 
è Offers RF burst response 
Filters 


Waveguide 

DC Blocked Cables 

High/Band Pass Networks 
€ Uses any frequencies 

Magnitude Only 


Twice the Pulse Width 


Frequency 


MEASUREMENT CONSIDERATIONS 


® Small responses 
€ Мато\йу separated 
responses 


ө Locating responses 


* Long delays 
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In the low pass mode, the algorithm follows the cal- 
culations just outlined very closely. The operator can 
select either the impulse or the step response. The step 
response is calculated by taking the integral of the 
impulse response. 


The low pass mode has the highest resolution and it 
shows reactance. However, the frequencies used have to 
be harmonically related, and sweep has to start at the 
fundamental so the DC term can be extrapolated. 


In the band pass mode, the algorithm is modified to 
yield the instantaneous magnitude of the RF burst as a 
function of time: the same thing an ideal broad band 
diode detector would do. 


In this mode, there is no need for harmonically related 
frequencies used by the low pass mode. This makes band 
pass the easiest mode to use, since it can be used with 
any frequency sweep. It can be used to measure band 
limited devices, and it can be used to trade off impulse 
width for slow rep-rate in situations where very long 
devices are being measured. 


The band pass mode, however, only offers the magni- 
tude of the impulse response, with twice the pulse width 
of the low pass mode. 


When the network analyzer calculates the time response, 
the way the frequency domain measurement was config- 
ured will affect the time domain results. This section 
discusses some specific considerations of ways to 
optimize the time domain results. 


SMALL RESPONSES 


* small impedance changes 
* long, lossy devices 


* high attenuation transmission paths 
Requires large dynamic range and high 
sensitivity. 


EXAMPLE 
Reflection through a 50 dB pad 


Same techniques work for both domains: 
e Avera 


e. és i ША available power 


CLOSE RESPONSES: 


è In reflection, elements physically close 


© In transmission, paths of similar length. 


The difference is pulse width, 
also called response resolution. 
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It is difficult to detect small responses because they 
become lost in the noise floor. This becomes critical 
when measuring very small impedance changes, such as 
when characterizing structural return loss, when measur- 
ing responses from long, lossy devices such as cables, 
microwave links, and waveguide runs, and when charac- 
terizing transmission paths with very high insertion 
losses. 


A network analyzer's frequency domain dynamic range 
relates directly to the time domain dynamic range. This 
Tange is improved by using averaging, reducing the IF 
bandwidth if possible, and using the maximum power 
available. 


Another factor in measuring small responses is the 
amount of ringing associated with the test waveform. 
If a large response is near by, the ringing from it may 
obscure a small response. The window function in the 
network analyzer allows a limited degree of control 


over pulse shape, trading off ringing for pulse width. 


In reflection measurements, there is a specific minimum 
spacing between two elements before their responses can 
be uniquely identified. This spacing is a function of the 
rise time or the pulse width of the measurement. A sim- 
ilar situation occurs in transmission measurements when . 
the responses fror wo paths of nearly the Same length 
begin to overlap. Response resolution is the minimum 
time spacing between two equal responses that allows 
each response to be uniquely identified. It is defined to 
be the the 10 to 90 percent rise time or the 50 percent 
pulse width. 
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FOR THE BEST 
REPONSE RESOLUTION: 


* Broad Frequency sweep 
* Use narrowest pulse shape 
Best case atep resolution 
Response resolution 


in teflon cable (cm) 
3.00 
150 
0.45 
0.34 
0.23 


in tine (psec) 


3 GHz 

6 GHz 
20 GHz 
26.5 GHz 
40 GHz 


LOCATING A RESPONSE 


Zoom in on responses 
by calculating 


ө Relating time to distance ~ 
in reflection 

* Calculating transmission 
paths lengths 

* Identitying re-refiection 
path lengths 
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The effective risetime of a network analyzer system is 
related to the frequency bandwidth measured: greater 
bandwidth yields faster risetime. The network analyzer 
also allows the user to adjust the pulse shape, trading off 
ringing and overshoot for risetime. The relationship of 
pulse width and rise time for the narrowest pulse shape 
is: 


0.60 
freq span 
0.45 

freq span 


pulse width = 
rise time = 


The response resolution can be converted from time to 
distance by multiplying it by the speed of light and the 
relative velocity in the test device. For example, in a 
teflon cable, Vrel — 0.67, so 


120X 10° 


pulse width = 
freq span 


(meters) 


The resolution with which a response can be located as a 
function of time is nearly unlimited because a network 
analyzer can zoom in on any respon in time. The only 
limitation is that at some point, the trace becomes so 
enlarged it is featureless (i.e. a flat line). This is a power- 
ful capability when relating the time axis to distance in 
fault location measurements, when identifying transmis- 
sion paths by their lengths, and when tracing a re- 
reflection path. 


Suppose we are measuring a load at the end of a 61 
meter cable. The response will be delayed about 610 ns. 
? LONG DELAYS If a small frequency step such as 1 MHz (1 us pulse repe- 
tition rate) is used, the expected response will be at 610 
ns. Now suppose a larger frequency step such as 2 MHz 
(500 ns pulse repetition rate) is used. The second incident 
impulse will overlap the response from the first impulse, 
causing aliasing of the displayed result. 
When presented with a response that may be an alias, 
change the frequency step slightly. An aliased response 
will move whereas actual responses will not. 
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The pulse repetition results from constructing the 
impulse from its spectral components. The constructed 

MEASURING LONG DELAYS pulse repeats at the frequency of the fundamental in the 
A network analyzer has a limited range because it low pass mode, and at the frequency of the frequency 
calculates a repetitive response step in the band pass mode. 
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Selecting the frequency span and the number of points 
sets the maximum resolution and range in the time 
domain. Furthermore, this means that the alias free 
range is directly related to the response resolution. 


Range 


(alias free range) 


RANGE AND RESOLUTION 


Small step Large span 


^ 
os, 


hh 


Ei 
o Long range o Good resolution 
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MEASUREMENT EXAMPLES 


* Cable fault location 


® SAW Impulse response 
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CABLE WITH POOR MATCH 


5582 
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The trade-off between range and resolution is shown by 
the following equations. 


Freq Step = Freq Span / (# Points — 1) 


Range = 1 / Frequency Step 
= (# Points — 1) / Frequency Span 


To show the time domain option in operation, let's now 
go through some simple measurement examples. 


As a time domain measurement example, consider this 
cable that exhibits a match that is much worse than 

, as measured in the freq domain. There 
is definitely a fault in the cable, but there is no readily 
available information about the nature or location of 
the fault. 


However, the frequency response can be transformed 
to the time domain. The step response of the cable, 
FAULT LOCATION, CRIMPED CABLE shows the response of the fault. The fault occurs at 
t—2.34 ns. Since this is a teflon cable with relative 
velocity Vrel  .66, we know that the fault is 

D=TX Vlight X Vrel X.5 —231mm into the 

cable. 


Since the steady state response returns to zero, the fault 
must be a localized reactive fault. If the fault had been 
resistive change or a change in line impedance, the trace 
would not return to zero. Because the fault breaks down- 
ward, it must be capacitive, which is commonly caused 
by a crimp in the cable. 
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For the second example, consider a band pass SAW filter. 
The three most significant signal paths across a SAW 
SAW DEVICE device are the RF feedthru, the primary acoustic wave, 
and the triple travel. 


The RF feedthru is RF energy that bypasses the substrate 
without having been converted to an acoustic wave. 


The primary acoustic wave is the bulk of the RF energy 
that travels across the substrate as a slow moving acoustic 
wave. 


The triple travel is the portion of the acoustic wave that 
reflects off the output transducer, off the input trans- 
ducer, and appears back at the output. 


The waves from each of these paths, each at a different 
phase and magnitude, will recombine at the output to 
make the actual measured response of the device. The 
attenuation of each path can, to some degree, be con- 
trolled by the designer, but only with time domain can 
the designer see what the contribution of each path 
actually is. 
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Here is the transmitted impulse response of a SAW filter. 
This particular device is a 134 MHz band pass filter, 

which was measured using the band pass (RF burst) 
SAW IMPULSE RESPONSE mode. Because the triple travel and RF feedthru are such 
small signals, the log amplitude display format is needed 
in order to make the responses visible. 


The main impulse path has 27 dB loss, corresponding 
closely to the 25 dB insertion loss of the filter. The RF 
feedthru path has 75 dB loss, corresponding to the out of 
band rejection of the filter. The triple transit path has 80 
dB loss. 


The time domain option adds a unique capability called 
gating to a network analyzer. Gating allows the operator 
to remove unwanted time domain responses and view 
the resulting frequency response. The function operates 
by taking advantage of the Fourier transform: the data is 
converted to time domain using the inverse Fourier 
transform, the unwanted responses are removed, and 
then the Fourier transform is used again to go back to 
the frequency domain. The frequency response that 
results behaves as if the undesired responses had never 
been received. 
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In reflection measurements, gating can remove the 
responses of unwanted circuit elements, allowing the ! 

ANALYZING A STRIPLINE BEND operator to isolate the response of the element of interest. | 

As an example, consider the problem of analyzing the 

effect of putting a 90 degree bend in a length of stripline. 

We would like to know the retain loss clù single Lend 

as a function of frequency, but that is very difficult to 

measure directly because the responses of the connectors 

and the load override the response of the bend. 
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ANALYZING A STRIPLINE BEND 


STRIPLINE BEND 


GATING THE RL CIRCUIT 
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The response of the network is measured in the fre- 
quency domain, and the result is the combined re- 
sponse of the two bends, the two connectors, and the 
load. Going to the low pass impulse response, each of 
the responses can be readily identified. Note that the 
bends actually appear capacitive. 


Gating can remove the unwanted responses. Going back 
to the frequency domain, we see the return loss of just 
one of the stripline bends. With this information, it is 
plain why a simple bend is not often used. 


As another example of isolating the response of a specific 
device in reflection, consider the RL circuit analyzed ear- 
lier. The gating function can isolate either the resistor or 
the inductor. 
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Gating around the resistor. Notice that at higher frequen- 
cies, the lead inductance begins to make the response 


GATING THE RESISTOR look reactive. 


RT ге 
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Gating around the inductor. 


GATING THE INDUCTOR 


и 
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As another gating example, consider this prototype 
power splitter. The goal is to characterize reflection 
IMPULSE POL ER OF PROTOTYPE coefficient as a function of frequency, but because the 
SPLITTER circuit is not in its final package, the circuit response is 
masked by the package connections. 
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GATING THE INPUT/OUTPUT LAUNCHES 
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GATING IN TRANSMISSION 


@ Removes unwanted transmission paths, re-reflections 
94.77 =. 
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ics =a 
* Does not remove effect of the launches. 


In the time domain, we can see the small but significant 
response of the input launch. 


Once the launch response has been identified, it can be 
removed with gating. To avoid imposing sharp edges on 
the time domain response, the gate start and stop are 
placed at points of very small magnitude. Furthermore, 
the gate is centered on the main response so the fre- 
quency response of the main impulse is not distorted. 


Back in the frequency domain, the result is the return 
loss of the substrate alone. 


So far, we have only gated reflection responses, where 
the effects of specific elements can be removed. Gating 
also works in transmission, but its effect is different: it 
can only remove transmission paths and re-reflections. 


Shown here is the transmission response of the power 
splitter. From this measurement, we can see that the 
power splitter basically operates in the 3 to 8 GHz 
region. Whether the package is limiting the transmis- 
Sion response is not readily identifiable. Looking in the 
time domain we see the main т: -^74 s susibor of 
re-reflections. Gating can remove the re-reflections, 
which in effect matches the network analyzer imped- 
ance more closely to that of the package. However, the 
effect on the frequency response is small, 


ANTENNA MEASUREMENT 
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ANTENNA RESPONSE 
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IMPROVING SAW RESPONSE 


* We would like to Improve 
rejection 

* We would like to improve 
group delay ripple. 
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In transmission measurements, gating can remove the 
effects of unwanted signal paths. One example is in 
antenna measurements, where gating can remove 
ground reflections. 


In this antenna test, the ground reflection affects the 
measured response. Looking at the measured frequency 
response, we see the ground reflection beating in and out 
of phase with the desired response. 


Looking at the impulse response of the antenna, we see 
the main path response plus the ground reflection. While 
we can uniquely identify the ground reflection, it is not 
well isolated in time. That means that there will be some 
compromise between removing the ground reflection 
and distorting the desired response. 


Gating out the ground reflection and going back to the 
frequency domain, we see a much improved, and more 
accurate, antenna response. 


Another application of transmission gating is to preview 
the effects of changing the design of a network. For 
example, suppose a design engineer was considering re- 
designing the SAW filter mount. By using gating to 
remove RF feedthru and triple travel, the designer can 


_preyiew the performance of the SAW filter with the triple 


travel and the Rr feedthru reduced to nelp aecide tne 
appropriate design goal. 


GATING SAW RESPONSE 


TETUER, 
.H-o—-————5—— 


TIME DOMAIN 


Time 
Domain 


Valuable insight into device behavior 
Adds gating to enhance frequency measurements 
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Looking at the ungated frequency response, the out-of- 
band rejection is 70 dB. № we were to look at group 
delay, we would see a jagged ripple. 


Going to the time domain, we see the three main 
transmission paths. Centering the gate about the 
main response, and placing the gate edge to hit the 
null between the RF feedthru and the main response, 
we gate out the unwanted responses. 


Going finally to the gated frequency response, we see the 
improved out of band rejection and a smoother group 
delay response. Hence, with gating the designer is able to 
estimate the value of possible design changes. 


In conclusion, the time domain option allows you to 
more completely and more accurately characterize a high 


frequency network. 
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BROADBAND PASSIVE DEVICES 


RG 58 PHASE-MATCHED CABLES 
е Phase matching: 6 degrees (Max) 
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CABLE TEST CONFIGURATION 


e Response Calibration 


5607 


PHASE MATCHING 
Е 
1. Store Insertion Phase of cable #1 
2. Replace with cable 42 


3. Display Data / Memory 


5610 
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The first test device is one of the most simple and com- 
mon devices, a coaxial transmission cable. Cable assem- 
blies are used in virtually all systems and measurements. 
They often are assumed to be distortionless. 


However, in many applications, cable effects must be 
known, and accounted for. For example, in multi-channel 
communication and radar systems, signals in each chan- 
nel must be delivered to the transmitting antennas with 
precise magnitude and phase relationships. 


For this first measurement example, we will characterize 
a pair of 1 meter RG 58 coaxial cables for a phase- 
matched system. 


Phase matching a pair of cables will be done by compar- 
ing the insertion phase of each cable assembly. 


The most simple test configuration for measuring insert- 
ion loss and differential phase is shown here. The track- 
ing imbalance between the test and reference channels is 
characterized by simply connecting the test ports, and 
measuring transmission response. 


The measured insertion phase of this first cable can be 
hardcopy listed or plotted for phase matching com- 
parison. By storing the insertion phase of the first cable 
into the analyzer's trace memory, and utilizing the built- 
in trace math feature, differential phase can be displayed 
directly Е ps 


opi PONSTEL Te 


Shown here, the maximum phase difference between the 
first pair of cables is 5 degrees at 3 GHz. 


PHASE MATCHING 


This next example measurement is a 0.141-inch semi- 
rigid cable. Semi-rigid cables are the most common used 
for interconnection of microwave components. Because 
of their simple construction, these cables are seldom pur- 
chased with connectors, but rather are cut to specific 
lengths, bent into a desired configuration, and then sol- 
dered or installed using crimp-type SMA-male 
connectors. 


These cables are often constructed with male connec- 
tors on both ports, with the center conductor simply 
extended as the male center pin. However, like any 

component with connectors of the same sex on both 
0.141 INCH SEMIRIGID CABLE ports, it is impossible to insert a male-to-male device 
e Built in-house into a measurement system without adapting the test 
ports. This type of device is called ‘‘non-insertable”. 


* Noninsertable 
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While attractive for microwave applications because of 
their low cost and stable response, these cables are very 
difficult to accurately characterize. Semi-rigid 0.141-inch 
(teflon-filled) cable exhibits insertion loss of less than 1.8 


SEMIRIGID CABLE dB/meter at 18 GHz. Often, the insertion loss of the test 
СНА RACTERISTICS port cables i^ even Тагозт than the lesc +f+thedect cable; 
The measured cable SWR is a composite of reflections 
* Low cost / Stable response from the input and output connectors and the output test 


port mismatch (or terminating load). 
* Low insertion loss: 
« 1.8 dB / meter at 18 GHz 


* Low SWR: 
« 1.20:1 at 18 GHz 
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REFLECTION/TRANSMISSION 
TEST CONFIGURATION 


Trans 


Ret 


PES 
ACE EI 


e Transmission CAL 
è DUT is noninsertable 


NON-INSERTABLE CALIBRATION 
METHODS 


* insert male-to-male adapter 
* Swap equal test port adapters 


* Adapter removal 


INSET ADAPTER METHOD 
BE. a ART 
1. Transmission ——j } ——— »— — —« €——4 | — 


Calibration 


Ттт to 35mm 9 
35mm © DUT to 7mm 


2. Measure DUT —_{ | — — 5— — é HL 


* Requires characterized adapter 
© Iqnores adapter reflection 


54 
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This configuration will be used to characterize both the 
transmission and reflection parameters of the cable. 
When measuring low SWR devices, a one-port calibra- 
tion will correct for response and directivity errors. Like 
the previous cable measurement, a response calibration 
will be used in transmission. However, when measuring 
a non-insertable device a direct mating of the female test 
ports is impossible. 


Like the semi-rigid cable, most components fall into this 
category of non-insertable devices. The most simple way 
to facilitate this non-insertable "thru" calibration is to 
use male-to-male or female-to-female adapters. How- 
ever, unless the exact response of the thru is known, the 
loss and phase of the adapter adds uncertainty to the 
measurement. Another technique involves the use of 
high-quality adapters with matched electrical lengths for 
both sexes. These adapters may be in-series (that is, 3.5 
mm to 3.5 mm) or between-series (7 mm to 3.5 mm). A 
third technique is adapter removal, which has been 
implemented by the HP 8510B. This technique can 
mathematically remove inserted adapters. 


The "Insert Adapter" calibration method is shown here. 
1. "Thru" calibration by insertion of a sexed adapter. 
(Note that this adapter has some finite phase and loss.) 2. 
Removal of the "inserted adapter" and insertion of the 
device under test. Unless the loss and phase of the "thru" 
are known апа аейпед as pari of its aeiinition, its re- 
sponse will be distort the cable measurement. Defining 
calibration standard defintions is described in Hewlett- 
Packard Product Note 8510-5. 


While the insert adapter technique can account for the 
length of the adapter, note that it does not account for the 
reflections introduced by the adapter. 


SWAP EQUAL ADAPTERS METHOD 


1. Transmission cal 


* Requires that A2 equals A3 
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ADAPTER REMOVAL 


© Calibrate twice to characterize adapter 
* Combine Cal Sets to remove adapter 


НУ, «ен 


Full 2—port Cal #1 
ep Full 2-port Cal #2 


Не 


* No assumptions required (Adapter Is measured) 


* Also applies to transitional devices 
(e.g. coax to wavegulde) 


5998 


INSERTION LOSS 


SEMIRIGID CABLE 
Sct thy ep idan. | 
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The swap adapter technique is shown here. 1. Transmis- 
sion calibration with 3.5 mm male and female adapters 
(A1 and A2) 2. Device measurement by using a 3.5mm 
male adapter which is swapped with the female adapter 
(A3 for A2). The swap adapter technique requires that 
the A2 and A3 adapters are precisely matched in elec- 
trical length and loss. Hewlett-Packard calibration kits 
include matched adapter sets for this purpose. This tech- 
nique will generally yield better results than the insert 
adapter technique. 


The most accurate technique for measuring noninsertable 
devices is adapter removal, which is available on the HP 
8510B. This technique requires two full 2-port calibra- 
tions, one on each side of the inserted adapter. Using 
these two calibration sets, the inserted adapter can be 
completely characterized (both transmission and reflec- 
tion parameters). The two calibration sets are combined 
into a third calibration set with the adapter charac- 
teristics removed: 


The adapter removal technique is not based on assump- 
tions about the adapter; it is based on measurements of 
the inserted adapter. This technique can also be applied 
to difficult situations, such as coaxial to waveguide 
device measurements, where the swap equal adapter 
technique cannot be used. 


This is the measured insertion loss of the 0.5 meter sec- 
tion of semi-rigid cable up to 18 GHz. The response cal- 
ibration was made using the swap adapter technique. 


n a 


SWR 


SEMIRIGID CABLE 
è One-port Calibration 
Mi. e 


e Fault location 

* Load mismatch reflection 
— terminate with matched load 
— time domain gating 
— full two-port calibration 
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TIME DOMAIN RESPONSE 
© Full 2 port Cal 


© Load mismatch characterized 
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One-port error correction is used to reduce directivity 
effects in low SWR reflection measurements. The 
measured SWR of this cable is 1.30:1 with One-port 
correction applied and is out of specification. 


The ripple pattern in the frequency response indicates 
that a number of reflected signals are present. This effect 
is to be expected in measuring the reflection reponse of 
low isolation devices. However, we can use time domain 
analysis to determine the location and magnitude of 
cable mismatches. 


The time domain response of this cable shows three 
major discontinuities. The first and second responses are 
actually due to the cable connectors. The last response is 
due to the load match of the output test port. 


There are a number of ways to improve the load 
match. For refection only measurements, the cable 
could be terminated by a matched load. Because of the 
wide frequency span, there is sufficient time domain 
resolution to isolate the load mismatch. Time domain 
gating could be used to remove the load mismatch 
effect. However, in both narrowband and broadband 
measurements, load match is characterized by a two- 
port calibration. 


The time domain response of the cable with full two- 
port error correction applied is shown here. Only the 
responses due to cable reflections remain. The load mis- 
match relection has been characterized and does not 


appear. 


SWR 


® Full two-port calibration 


HIGH DIRECTIVITY DIRECTIONAL COUPLER 


COUPLER CHARACTERISTICS 


Directivity — Isolation — Coupling 


HU актах. =, SSG Ss QUEE д 


With two-port correction applied, the measured max- 
imum SWR of the cable is 1.19:1. The SWR improvement 
was realized by simply removing the load mismatch 
effect from the reflection measurement. 


The next broadband device we will consider is a three- 
port directional coupler. These directional devices are 
used in broadband applications which require power or 
VSWR monitoring at critical points in a microwave sys- 
tem. Precise characterization of how much power is 
sampled and confidence that only signals traveling in the 
specified direction are sampled, is required. Although 
these characteristics can be measured with a scalar meas- 
urement system, highly directive devices may require 
dynamic range that only a vector analyzer provides. This 
coupler exhibits greater than 25 dB of directivity over the 
2 to 18 GHz frequency span, with a nominal coupling 
factor of 20 dB. 


A directional coupler delivers a portion of a signal travel- 
ing in the forward direction. This signal emerges at the 
coupled or auxiliary port. The ratio of the incident signal 
level to the signal level at the sampled port is the cou- 
pling coefficient. The measured isolation is the ratio of a 
signal tein £i the ene directia», to thessower 
that emerges at the coupled port. Directivity, the dif- 
ference between isolation and coupling, is a figure of 
merit for how well the device discriminates between for- 
ward and backward traveling signals. 
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TRANSMISSION TEST CONFIGURATION 


e Response calibration is sufficient 
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COUPLER CHARACTERISTICS 


ө Measure Coupling Factor 


e Terminate Output Port with matched load 
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COUPLER 


20 dB COUPLER 
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This broadband microwave coupler can be measured 
using a microwave vector analyzer with a broadband 
test set. А simple transmission frequency response cal- 
ibration would be sufficient if we are only interested in 
coupling factor. Mismatch effects and leakage signals are 
not very significant when measuring a well-matched 
medium loss device. 


In order to measure the coupling factor, the output port 
must be terminated with a matched load. 


The measured Coupling Factor, which is generally 
expressed in dB, is shown here. High resolution marker 
readout, with search capability, can be used to find the 
coupling variation across the frequency band. We will 
save the measured coupling factor in the analyzer's trace 
memory in order to solve for directivity 


To measure isolation, the input port of the coupler is ter- 
minated by a matched load. This measurement requires 
COUPLER CHARACTERISTICS at least 45 dB dynamic range. (Minimum Isolation = 20 
dB coupling plus 25 dB directivity.) However, when 
| * Measure Isolation Measuring very high directivity devices, signals reflected 
from the terminated port will appear at the coupled port 
and add with the leakage or true isolation signal. This 


Pon 
1" 
effect becomes significant when the return loss of the 
| | matched termination approaches the coupler's directivity. 
a aes „апаат 
| Pon 
1 


* Signal interaction when directivity 
| nearly equal [^ load 
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This is the measured isolation of the directional coupler. 
The periodic peaks and nulls in the response indicate 
that a reflected signal is interacting with the primary 
ISOLATION leakage signal of the coupler. 
20 dB COUPLER 


Using time domain analysis, we can determine where 
the reflected signal originates. Notice that the largest 
responses are a result of the leakage path internal to the 
coupler. The other responses result from the connectors 
on the directional coupler and finally the mismatch of 
Це outing toad. С iese respo.ses, Only the leak- 
age and connector effects are actually due to the coupler. 


TIME DOMAIN RESPONSE 
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IMPROVE ISOLATION 
MEASUREMENT 


e Terminate with better load 
— narrowband 


* Sliding load termination 


— relies on match of airline 
— tune for peaks/nulls 
— CW only 


е Time domain gating 


— sliding load or airline plus fixed load 
— broadband 


. TIME DOMAIN RESPONSE 


Lillo Deae 
e Terminate coupler with airline 


p10 
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To improve the accuracy of our isolation measurement, 
we need to improve the match of the terminating load. 
Tuned loads with excellent match can be used for accu- 
rate narrowband isolation measurements. For broadband 
measurements the best available match is provided by a 
precision airline. A commonly used sliding load tech- 
nique utilizes the match of an airline. At a CW frequency 
the load is tuned for peaks and nulls in the isolation 
response. True isolation is the average of the maximum 
and minimum measured values. 


Time domain gating can be used to attenuate the effects 
of the non-ideal termination. A sliding load or airline/ 
fixed load combination can be used to measure the 
broadband isolation of this coupler. 


When the coupler input port is terminated with an air- 
line and load, gating can be used to remove the separated 
load mismatch when sufficient time domain resolution 
exists. 


The gated response is a more accurate representation of 
the coupler's isolation since the load effects have been 
eliminated. 


Finally, we use the analyzer's trace math capability to 
display directivity directly. Remember that coupling was 
stored in memory. We can now display the current 5,, 
DIRECTIVITY data isolation divided by memory to solve for Directivity. 


* Data / Memory 
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The next class of devices is Frequency Selective Devices. 
This class includes any device that passes signals in some 
frequency range and rejects signals in another frequency 
range. 


MEASUREMENTS 
AND APPLICATIONS 
* Broadband Passive Devices 
* Frequency Selective Devices 
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This class includes all types of filters and multiplexers. 
Each of these device types are typically characterized by 
3 dB bandwidth, and upper and/or lower cut-off 


frequencies. 
FREQUENCY Е SOTIE DEVICES In a swept frequency measurement the pennon momen afa fl- 
i a ter has both high and low return loss. The same is true 
e Filters of the filter's insertion loss. Full two-port error correc- 
Bandpass, lowpass, tion will be useful for removing the measurement 
& highpass, bandreject uncertainties present under each of these conditions. 


When these devices exhibit a narrowband response, a 
synthesized source may be necessary to provide fre- 
quency stability. 


* Multiplexers 


5635 
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This tunable RF cavity filter must be adjusted to have a 
20 MHz bandwidth at a 2.8 GHz center frequency. Fil- 
FREQUENCY SELECTIVE DEVICES ters and other tuned devices are often adjusted using the 
displayed insertion loss, mismatch or group delay as a 
guide. When making these adjustments, it is necessary to 
TUNABLE Fc = 2.8 GHz see the effects in "real-time" so the operator can relate 

CAVITY FILTER BW = 20 MHz the manual adjustments to changes in the devices meas- 

: ured response. Swept scalar measurement systems also 
provide rapid feedback but may not have the degree of 
accuracy necessary to meet demanding final test 
specifications. 


The key filter characteristics that we are interested in 
monitoring include passband effects (low insertion loss, 
and low SWR) and stopband effects (high loss or 
rejection). 


FILTER CHARACTERISTICS 


e Passband 
Insertion loss: 2 dB (max) 
Return loss: 7 dB (min) 


* Stopband 
Rejection: 90 dB min 
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We can use the test configuration shown here, using 
either a reflection/transmission or S-parameter test set. 


An S- ter test i i 
S-PARAMETER MEASUREMENT а amin ieee 
CONEIGHR ATION reversing the device. 
ө Full 2 port calibration including To measure devices that have a high transmission loss, 
P" Isolation Calibration it may be necessary to calibrate for crosstalk effects. An 
M isolation calibration is performed by terminating the test 


ports and then measuring the crosstalk. 


5638 
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FILTER TRANSMISSION RESPONSE 


* Noise/Crosstalk Effects 


1 — No averaging 2 — 1024 averages 
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CAVITY FILTER 


1- Response cal 


* Source match effects distort high reflection 
measurements. 


3 DB BANDWIDTH / GROUP DELA 
CAVITY FILTER. - i 
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The measured transmission response, S21, of the filter is 
shown here. With multiple updates of error-corrected 
data per second, we can adjust the tuning elements and 
view the precise characteristics of the filter in “real- 
time". 


Stopband rejection is measured to be about 86 dB with 
two-port correction applied. However, the noise floor of 
the analyzer masks the true stopband response of this 
filter. Data averaging or narrowed receiver bandwidth 
can be used to reduce noise effects. For this measure- 
ment we will reduce the analyzer's IF bandwidth from 
3000 Hz to 30 Hz. This would be equivalent to 1024 
data averages. The measured stopband rejection is now 
96 dB. 


The measured return loss of the cavity filter is shown 
here. As we learned earlier, when measuring reflective 
devices imperfect source match will reflect a portion of 
the signal that is reflected off the test device. 


Both two-port and one-port calibration corrects for the 
source match reflection. 


Dual channel display and high-resolution marker read- 
out allow us to view multiple device characteristics 
simultaneously. Shown here is a high resolution meas- 
urement of the passband insertion loss with 3 ав. 
ати, amio avund che passband Pep 
delay with marker readout of group delay variation. 
When marker TRACKING is selected, markers search 
continuously. This allows you to perform interactive 
adjustment while displaying 3 dB bandwidth, mini- 
mum or maximum values, 
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The next device category is frequency translation devices. 


MEASUREMENTS and APPLICATIONS 
© Broadband Passive Devices 
e Frequency Selective Devices 


€ Frequency Translation Devices 


Because vector network analyzers are tuned receivers, 
they have not been used traditionally for making meas- 
urements of frequency translation devices where the 


FREQUENCY TRANSLATION DEVICES input and output signals of the device are at different 


z д frequencies. 
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A mixer is an example of a frequency translation device. 
We will show a measurement of mixer tracking (both 
magnitude and phase), and of absolute conversion loss. 


MIXER CHARACTERISTICS 


€ Conversion Loss/Phase Tracking 


е Absolute Conversion Loss 


7668 


5-14 


MIXER TRACKING CONFIGURATION 


Problem: Calibration? 


Solution: Response cal; Mixer А Is reference 


HP85108. 


. Test Mixer B 


5996C 


MIXER TRACKING MEASUREMENT 
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The block diagram shows one possible configuration for 
a mixer measurement. The HP 8510B can control two 
sources (RF and LO) and the receiver frequencies inde- 
pendently. For this measurement to be meaningful, we 
require a reference signal at the same frequency as the 
test signal. This is accomplished using a reference mixer 
(REF) which can then be compared to the test mixer 
(MIXER A) for both magnitude and phase information. 


Another important issue is calibration. The traditional 
error correction does not apply at multiple frequencies. 
One way to calibrate is to perform a response normaliza- 
tion with MIXER A in place. When subsequent mixers 
are connected (eg. MIXER B), they are compared to 
MIXER A. The reference mixer and the tracking errors 
are removed. 


This configuration allows relative measurements of fre- 
quency translation devices. This includes match and 
tracking (magnitude and phase), but not absolute conver- 
sion loss. 


The HP 8753B allows absolute measurements of mixer 
conversion loss. Recall that mixer conversion loss is 
defined as follows: 


RF(ün)/IF(qu)... 


Because the HP 8753B is able to decouple its receiver 
from the source, the analyzer can supply the RF and 
measure the IF with its tuned receiver. Notice the power 
meter is used to set the RF power. It is directly controlled 
by the analyzer over HP-IB and a look-up table is created 
which precisely sets the power at the RF port of the 
mixer. Further, the cabling from the mixer IF port to the 
receiver should be normalized out of the measurement. 
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This configuration allows absolute conversion loss meas- 
urements of frequency translation devices with the HP 
8753B. Amplitude and рћаѕе tracking can also be charac- ( 
terized according to the HP 8510B example previously 
presented. 
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The next device category is active devices. 


MEASUREMENTS and APPLICATIONS 
* Broadband Passive Devices 
* Frequency Selectlve Devices 
* Frequency Translation Devices ( 


* Active Devices 
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This class of devices ranges from discrete devices such as 
diodes and transistors to multi-stage amplifiers with 
built-in filters and matching circuits. 


ACTIVE DEVICES 


è Discrete Devices 
— transistors 
— diodes 


* Amplifiers 


5644 
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The first active device example is a typical discrete 
device; an MRF 901 Bipolar Transistor in a 200 mil 


ACTIVE DEVICES diameter stripline package. This device provides 10 dB 
. gain up to 200 MHz. 


MRF 901 BIPOLAR TRANSISTOR 
е 11dB gain at 2 GHz 
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Accurate characterization of a discrete transistor is neces- 
sary for proper design of the surrounding circuitry in a 
component design. The design of a matching circuit 
requires accurate input and output impedance data in 
order to provide the most efficient transfer of RF power. 


TRANSISTOR CHARACTERISTICS We may also be interested in precisely determining the 


RF gain at various DC quiescent bias points. 
* impedance Matching 


* Gain vs. Bias 
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However, to measure a device that lacks connectors, we 


- need some way to make contact to the device leads. Test 
MEASUREMENT PROBLEM fixtures are used to provide the interconnection between 
€ Device has non-coaxial connectors coaxial test ports and the test device. Fixtures for some 


package styles are commercially available, while many 


Solution: г : 
А “home-made” fixtures also exist. These fixtures will, 
= Test Fixtures i ‘ " се m pe 


COM рамах 


— can sevi effect measurement 


We will use the HP 11608B Test Fixture to mount the 

MRF 901 transistor. The HP 11608 includes a short 

and thru for fixture response normalization. Reflection ( 

resonse is displayed relative to a short circuit and gain 

TRANSISTOR MEASUREMENT relative to a emp An S-parameter test а 
CONFIGURATION will be used since transistors are not bilateral devices. 

It is not practical to physically reverse the device in 

order to measure the device's reverse response. 


Typical of most semicoknductor measurements, a com- 
bined RF and DC stimulus is required. A dual DC bias 
supply is used to provide the DC bias levels to the test 
device. 
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А mechanism for providing combined DC and RF to the 
transistor is required. The bias tee has a DC blocking 


capacitor to protect the RF source or detector, and RF 
COMBINED RF & DC STIMULUS choke to prevent leakage of RF signals. Bias tees are built 1 
BIAS TEE into most S-parameter test sets but are also available 
separately. 


It is important to note that the bias tee is included in the i 
test configuration during both calibration and device 
measurement. Bias must not be applied during 
calibration. 


DC In 


* Built-into S-parameter test sets 
• Do not apply bias during calibration 
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Semiconductors will respond differently to an RF stim- 
ulus depending on the DC bias level. The normalized 


TRANSISTOR GAIN VS. BIAS gain of the transistor is shown as a function of frequency, 
Bi TRANSISTOR at various bias levels. 


akea. n adis, a 
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Transistor input impedance is shown here. High resolu- 
tion marker readout of the normalized impedance is 40 


ohms of resistance and 26 nH of inductance at 1 GHz. 
TRANSISTOR IMPEDANCE For input and output matching in a simple narrowband 
BIPOLAR TRANSISTOR design, an RC or RL network could be used. In this case 


the element values of an RC network would be selected to 
have an impedance which is ths complex conjugate of 
the measured input impedance. 
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S-parameter data can be converted to H, Y, or Z-param- 
eter or other useful design parameters such as Maximum 
Unilateral Gain. Although these equations are often 
complex, computers can evaluate them very efficiently. 
Many Computer-Aided Engineering (CAE) tools auto- 
DESIGN CONSIDERATIONS mate these and other calculations to accelerate the 


€ Convert S to H,Y,Z parameters microwave design process. 


НЕ 
* Compute Gu(max) (5,505, 


© Software and CAE tools speed up 
caiculations 
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In addition to the above calculations, CAE tools let you 
predict a circuits's performance before you build it. 


Many components, such as transmission lines and thin 
DESIGN CONSIDERATIONS film resistors, have been modeled mathematically. CAE 
* Predict responsa before Біле rires vo tank evaluate thesa m^ dels to cieantlats (ha зона fp 


~ сисий. Tne response oí actual devices, as measured with 
a network analyzer, can be combined mathematically 
with the computed responses to form composite simu- 
lated circuits. 
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MICROSTRIP AMPLIFIER 


Measure Galn and Impedance 2-8 GHz 
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MICROSTRIP AMPLIFIER 


* At high frequencies, fixture response 
№ more complex 


* Full 2-port calibration required 
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IN-FIXTURE STANDARDS 
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The next example is a microstrip amplifier circuit. We 
will measure the gain and impedance of this device. 


At higher frequencies, the response of most fixtures 
becomes more complex, so it is necessary to perform a 
full 2-port calibration to remove the fixture's effects. 


The standards required for a full 2-port calibration are 
the open, short, load and thru. However, in many non- 
coaxial media such as microstrip, these standards cannot 
be easily realized. An alternative to the full 2-port cal- 
ibration is the thru-reflect-line (TRL) calibration method. 
This technique requires a different set of standards that 
are easier to produce in microstrip. 


With a split coaxial to microstrip fixture such as this one, 
the TRL standards can be easily realized. The "thru" in 
this case is zero-length and zero-loss. The "reflect" is an 
open circuit created by separating the fixture halves. The 
“line” is a length of microstrip transmission line. With 
Мето cic ple in fixture standards, we eit io 
accurately characterize and remove the effects of thé fix- 
ture from the measurement of the device. 
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AMPLIFIERS 
© GaAs FET 

* Bipolar 

* TWT 
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AMPLIFIER PARAMETERS 


* Gain and Gain Flatness 

* Impedance/SWR 

* Deviation from linear phase 
* Саш Compression 


* 2nd/3rd Harmonic Distortion 
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The calibrated measurement results of the microstrip 
amplifier are shown here. Notice that the data is smooth 
and resonance- free, since the fixture effects have been 
removed. 


The most common active devices are amplifiers, and 3 
common types are shown here. GaAs FET amplifiers 
have been designed to operate to very high frequencies 
(> 40 GHz). Bipolar amplifiers provide higher output 
power, but frequency coverage is not as good as GaAs 
FET amplifiers. Traveling wave tube (TWT) amplifiers 
operate at very high power levels (> 10 W). 


Amplifiers are characterized by many performance 
parameters, including gain, gain flatness, impedance, 
deviation from linear phase, and harmonic distortion. It 
is necessary to characterize amplifiers not only as a func- 


a frequency, but also as a function of input power 
ae * - " 
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AMPLIFIER MEASUREMENT 
CONFIGURATION 


S-Parameter test set 


e Power Handling 
— Test set/Amplifier 
— Pad response can be measured and removed 


е High Sensitivity for low level reflection measurements. 
@ Harmonic Immunity 
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ACTIVE DEVICES 


2 — 1300 MHZ PREAMPLIFIER 


PREAMPLIFIER CHARACTERISTICS 
^ Gala: 22 CR Up 
© Gain Flatness +/-1.5 dB (mex) 
* SWR: 221 (max) 


* Output Power: 0 dBm 
at 1 dB Gain compression 


* Harmonic Distortion: -30 dB 
for - 15 dBm output 
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A typical measurement of an amplifier is shown here. 
S-parameter test sets have built-in step attenuators which 
can be used to reduce the power level incident on the 
amplifier under test. External attenuators may be neces- 
sary to protect the receiver from the power delivered 
from high power amplifiers, However, the attenuation of 
the pad must be subtracted to determine the amplifier's 
true gain characteristic. 


Some other benefits arise from using vector network 
analysis for amplifier measurements. Narrowband detec- 
tion provides immunity from distortion parameters such 
as harmonics. The high sensitivity of a vector network 
analyzer allows for the measurement of high gain 
amplifiers. 


The next device measurement is a low power 2 to 1300 
MHz preamplifier. 


This preamplifier has a flat response across frequency 
with a minimum of 22 dB gain. SWR is specified to be 
less than 2.2:1. Output power, 0 dBm at 1 dB gain com- 
pression is below the maximum power threshold for the 


receiver. 


High gain transmission and low level reflection meas- 
urements require both high dynamic range and high 
sensitivity. A network analyzer such as the HP 8753 
provides — 100 dBm sensitivity and 100 dB of dynamic 
range. 


ie nan 


H 


The basic S-parameter test configuration can be used to 
measure this device. The incident signal should be 
reduced to — 30 dBm to avoid overdriving the amplifier. 
The step attenuators in the test set are set at 20 dB for 
this measurement. The signal path in the test set adds 13 
dB of attenuation. A full two-port measurement calibra- 
tion is performed to characterize tracking, directivity and 
port match of the test configuration. 

IN = -33 dom 


* Attenuate test signal 
- maintain Phase lock 


* Attenuator and path loss are calibrated 


The measured amplifier SWR is shown here. The 
dynamic accuracy, or effective linearity, of the analyzer 
SWR allows us to precisely characterize low level signals. 


PREAMPLIFIER 


The gain at —5 dBm output power level is shown here. 
The gain variation from 2 to 1300 MHz is 1.5 dB. 


GAIN VS. FREQUENCY 


PRESMOLIEIER 
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The amplifier's response will also vary as a function of 
input drive level. Amplifier gain versus swept input 


power level and output power level are shown here. The 
GAIN VS. INPUT POWER drive level varies from —30 to — 15 dBm. The com- 
® Power Sweep pressed gain of the amplifier is immune from harmonic 
distortion. 


e Fundamental gain characteristic 
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The HP 8753B has an option which allows the 2nd and 
SWEPT HARMONICS 3rd harmonic levels to be displayed with the same setup 
used for the previous measurements. This allows you to 
gain insight into non-linear behavior in addition to the 
measured linear parameters such as gain, input imped- 
ance, and group delay with a single connection. Up to 40 
dBc harmonics can be characterized on a swept basis. 
Here the preamplifier makes its harmonic spec across its 
full frequency band. 


Frequency 


7370 


An example of a very high power amplifier is this 4-8 
GHz traveling wave tube amplifier. This amplifier typ- 
ically exhibits 30 dB small signal gain and 1 watt power 
output at 1 dB gain compression. 


4-8 GHz TWT AMPLIFIER 


* 30dB Gain 
* 1Watt Power Output 
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€ Custom configuration often desirable 
e Power handling 
* Monitor absolute power 


* Test device under operating conditions 


© Avold damage from CW signal 


md PLAIRE REA 


This is the set-up used for this measurement. It shows 
how to implement a custom signal separation scheme. 
Since the output power is so high, it is sampled with a 30 
dB coupler to avoid overdriving the receiver. In a custom 
signal separation scheme, couplers, splitters and bridges 
can be selected to maximize the dynamic range of the 
analyzer. 


For absolute power measurements a power meter is con- 
nected at the amplifier output. 


The small signal and compressed gain of the TWT ampli- 
fier is shown here. As the power incident on the ampli- 
fier is increased, the amplifier leaves the range of linear 
operation, and the gain is “compressed”. The top end of 
the linear range is generally noted as the 1 dB compres- 
sion point, that is, the point at which the compressed 
gain is 1 dB less than small signal gain. 


Many TWT amplifiers must be tested under pulsed RF 
conditions. This allows the device to be tested under its 
actual operating conditions, and avoids damage due to 
high-power CW signals. 


Shown here is a configuration for making pulsed RF 
measurements using a standard HP 8510B. Notice that 
this system is very similar to the standard network ana- 
PULSED RF MEASUREMENTS [eem dee except that a CW signal must be 

SETUP provided for reference channel phase-lock. The RF signal 
is then pulsed using a pulse generator and a pulse 
modulator. 


In some applications, the dynamic behavior of a device 
must be characterized. By measuring the magnitude and 
phase as a function of time at a single frequency, phase 
droop and magnitude variations during the course of the 
RF pulse can be observed. Such a measurement is called 
а pulse profile measurement, and requires a network 
analyzer with a wider IF receiver bandwidth. The HP 
8510B Option 008 provides this increased bandwidth. 


START 360.8 ns 
STOP 108.2 pe 
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Ako possible with the wider bandwidth network апа- 
lyzer is a swept frequency, pulsed RF measurement, but 
with precise control of the point at which each measure- 
ment sample is taken. The trigger delay indicates the time 
delay from the start of each pulse at each test frequency 
to the time at which data is taken. 
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MEASUREMENTS and APPLICATIONS 
* Broadband Passive Devices 


* Frequency Selective Devices 


* Frequency Translation Devices 


Active Devices 


Antennas 


Se03E 


ANTENNA MEASUREMENTS 


* impedance 


* Antenna Pattern 


* Radar Cross Sectlon 


The next class of devices are antennas. 


Network analyzers can be used as phase-locked receivers 
for antenna testing. The broadband performance, high 
dynamic range and time domain analysis capability pro- 
vide new ways to characterize antennas. 


In this example, we will characterize a broadband horn 
antenna. 


Antenna radiation patterns and impedance measure- 
ments will be considered. 


—€—————————— ия niai a lati Dae 


Antenna impedance is measured using the standard 
one-port reflection measurement configuration. The 


IMPEDANCE MEASUREMENT analyzer's tuned narrowband receiver is immune from 
CONFIGURATION spurious signals that might be present in the test 


environment. Antenna measurements are often compli- 
cated by the physical location of the antenna. Access to 
the antenna may only be provided by long extension 
cables. Vector error-correction can be used to remove 
distortion of these long cables. When the attenuation of 
these cables is significant, the high sensitivity of the 
analyzer allows us to accurately characterize the low 


e Calibration at antenna input level reflection response. 


— removes cable effects 

è Tuned narrowband receiver 
— immune from spurious signals 
— high dynamic range 


5671 


The measured impedance of the broadband horn 
antenna is shown here. The periodic ripple in the 
measured response indicates the presence of multiple 
reflections. 


Three major reflections are located from the time domain 
response of the antenna. The antenna input and lens 
TIME DOMAIN RESPONSE represent the first two impedance discontinuities. The 
third response is actually due to a signal reflected from 
the walls of the room. 


* Identify & gate reflections 
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e Antenna input & lens without room reflection 
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DIRECTIONAL HORN ANTENNA 
PATTERN 
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RADIATION PATTERN 
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By applying time domain gating, the reflections due to 
the antenna and lens can be isolated. The smooth peri- 
odic ripple is due to the interaction of the antenna input 
and lens in this measurement. The gated antenna imped- 
ance is shown here. It should be noted that we could also 
remove the reflection due to the antenna lens. 


Radiation characteristics are by far the most significant 
property of an antenna. An antenna's transmission 
efficiency will vary since its energy is not radiated uni- 
formly. In this example, we will measure the properties 
of a highly directional horn antenna. This measure- 
ment is achieved by placing a source antenna a certain 
distance away from the test antenna and measuring the 
signal transmission level as the test antenna is rotated. 


An antenna has a radiation pattern that is a function of 
the relative angle between the test and source antennas. 
When an antenna radiates more energy in one direction 
than another it is said to have “gain” in that direction. 
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ANTENNA PATTERN TESTING 


Test 
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USING TIME DOMAIN 
TO CHARACTERIZE 
GROUND PATH REFLECTIONS 


E rue 
Ground Path. Reapones 
TF , 
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HORN ANTENNA PATTERN AT 5.5 GHz 
With gating 
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A typical antenna test configuration is shown here. To 
achieve the highest dynamic range for this measurement, 
a test set is not used, just the network analyzer receiver. 
The source is connected directly to the source antenna, 
with a portion of this signal coupled off and sent to 
receiver. The test antenna is connected directly to a 
receiver input. Vector network analyzers are tuned nar- 
rowband receivers that are immune from signals other 
than the test stimulus and exhibit high dynamic range. 


Often the test antennas are mounted high above ground. 
In electrically-long test systems, it is important that a 
very stable RF source is used. Frequency drift at the RF 
source will cause significant change in the insertion 
phase of the test system between measurements. A stable 
RF synthesized source is recommended. 


In practice, the signal received by the test antenna may 
include not only the main path signal but also reflected 
or ground path signals. Time domain analysis can be 
used to isolate these responses since the ground path sig- 
nals travel a greater distance and are delayed in time from 
the main path signal. The time domain response resolu- 
tion must be sufficient to resolve the main path and 


ground path signals. 


Using an external controller, we can collect this fre- 
quency domain data at various positions and then dis- 
play the transmitted response vs. position or angle for a 
given frequency. Displayed are the horn antenna pat- 
ing tnb oc “witharns she greand oath sina] re ^ oved. 
The ungated response (outer trace) is not symmetric and 
we are unable to precisely locate the antenna sidelobes. 
Hewlett-Packard Application Note 347-1 describes 
antenna measurements in detail. 
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® How large an object “looks” to a radar signal 


RADAR CROSS SECTION 
MEASUREMENTS 


* Spurious signal immunity 
* High sensitivity/dynamic range 


RCS calibration 

— remove leakage and room isolation 
effects 

— reference to standard object 


Increase sensitivity with time domain 
gating 


MEASUREMENTS and APPLICATIONS 
Broadband Passive Devices 
Frequency Selective Devices 
Frequency Translation Devices 
Active Devices 
Antennas 


Waveguide Devices 
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Radar Cross Section (RCS) is a measure of how large an 
object looks to a radar signal. RCS measurements are 
typically made with the test configuration as antenna 
patern testing, except that the transmit and receive anten- 
nas are adjacent. The size, structure, and material of an 
object will determine the size of the reflected signal. 


RCS measurements have particular utility in radar and 
ECM applications. 


Spurious signal immunity and high sensitivity are 
needed to characterize very absorptive materials. Vector 
error-correction can be used to remove the characteristic 
of the testing environment in both narrowband and 
wideband measurements. The frequency response of a 
standard object can be used as a reference. 


In wideband measurements, time domain can be used to 
increase system sensitivity, through gating of residual 
reflections. Hewlett-Packard Product Note 8510-2 
describes RCS measurement techniques. 


The next category we will consider are waveguide 
devices. 
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WAVEGUIDE DEVICES 
* All Device Types 
* Applications 


— High power 
— high frequency 


5682 


WAVEGUIDE CHARACTERISTICS 


* Cut-off Frequency * Dispersion 
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WAVEGUIDE CALIBRATION 


— 7 
* Waveguide open circuit response 
difficult to predict 


* Calibration Standards 
= Short 
в Offset Short 
= Load (fixed, sliding, offset) 
= Thru 


5684 
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Although waveguide devices are actually among the 

same device types that we've already covered, some spe- 

cial measurement considerations exist. Rectangular t 
waveguide transmission line has unique properties that 

make it useful for high power and high frequency 
applications, 


As a transmission medium, waveguide acts as a high 

pass filter. All signals below the lower cutoff frequency 

are completely attenuated. While signals above the cut- 

off frequency are passed, insertion phase is not linear 

across frequency. The insertion loss and phase of a short 

piece a waveguide transmission line is shown here. The 
displayed phase response above the cutoff frequency at 

first changes very slowly before eventually exhibiting a 
constant phase change for increasing frequency incre- 

ments. This effect is known as “dispersion”. ( 


i 
Waveguide dispersion must also be considered in net- i 
work analyzer calibration. The calibration process cov- R 
ered earlier requires measurement of a set of completely 4 


characterized devices called standards. Typical coaxial 
standards are opens, shorts, matched thrus and loads. A 
waveguide open circuii with predictable response is diii- 

cult to achieve since some energy will be lost due to į 
radiation. Instead, offset short circuits and/or loads are 7 
generally used for waveguide calibration. 
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WAVEGUIDE TIME DOMAIN RESPONSE 


* Short and Offset Short 


* Signals are “dispersed” 


* Dispersion can be 
mathematicaly removed 


Dispersion can be mathematically modeled, and its 
effects can be removed. The HP 8510B can account for 
waveguide dispersion using a specia] Waveguide elec- 
trical delay, 


5685 


E 


WR-28 34 GHz BANDPASS FILTER 
е >80 dB Stopband Rejection 
* -2dB Passband Loss 


5686 
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The measurement set-up shown here, includes a micro- 


MILLIMETER-WAVE wave network analvzer with frequency conversion hard- 
MEASUREMENT SET-UP ware. Operation of this system is similar to the vector [| 
> aun analyzer configurations we've already learned about, 
with received test signals harmonically mixed. Detailed 
configuration information for this system can be found 

in Hewlett-Packard Product Note 8510-1A. 
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Using a millimeter-wave network analyzer which has 
been calibrated in the WR-28 waveguide band, the meas- 
ured response of the 34 GHz bandpass filter is shown 
here. Automatic rescaling and high resolution marker 
readout can be used for low passband loss measurement 
as well as high stopband rejection. This filter exhibits 
greater than 80 dB of stopband rejection but less than 1 
dB insertion loss variation over the 2 GHz bandwidth. 
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Insertion phase and group delay for the filter is shown 
here. 


34.4 GHZ BPF 


-— 
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Up to this point we've considered devices that have tra- 
ditionally been characterized through network analysis. 
Now, lets look at how we can use some of the basic net- 
work measurement techniques that we've learned for 
Broadband Passive Devices special applications. 


Frequency Selectlve Devices 
Frequency Translation Devices 
Active Devices 
Antennas 

* Wavegulde Devices 


* Speclal Applications 
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The special applications include on-wafer testing, light- 
wave components, and material characterization. 


SPECIAL APPLICATIONS 


* On-Water Testing 
* Lightwave Components 


* Material Characterization 
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In order for the trend toward cheaper, high-volume 
microwave components for military and commercial 
TING applications to continue, the measurement of such cir- 
—H9 cuits at the wafer level is necessary. 


Microwave probe systems are used to provide the coax- 
ial-to-bond-pad transition between a network analyzer 
and on-wafer devices. Vector error-correction can be 
used to remove the non-ideal response of the microwave 
probes. 


5692 


5-35 


паза se 
tes а с " РЕ Doc NEA e Kat Davi Фр vA 
paro A E EE 


ON-WAFER TESTING 


* Verity RF performance at wafer level 
— dice and package only good devices 


— increase final yield 


* Calibrate at probe tips 


— don't need to characterize fixture 


* More accurate device models 
— no package effects 
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ON-WAFER TEST SYSTEM 


MMIC AMPLIFIER GAIN 
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Wafer probing for microwave measurement improves the 


development time by replacing the costly packaging alter- 


native for more immediate feedback on the production 
process. 


Direct calibration at the microwave probe tips automati- 
cally characterizes the microwave probe. 


In the design process, more accurate device models can 
be made since package effects do not distort the meas- 
ured device characteristics. 


The measurement set-up shown here includes the 
source, analyzer, test set configuration connected to a 
wafer probe station. Hewlett-Packard Product Note 
8510-6 describes this measurement technique. 


Shown here is the measured response of a GaAs MMIC 
(Monolithic Microwave Integrated Circuit) amplifier with 
20 dB gain up to 20 GHz. This complete circuit was pro- 
duced entirely on a single GaAs substrate, hence the 
name "monolithi-" E swau: éd tho leck z^ tone” ms AX 
monolithic circuits reinforces the need for full RF device 
evaluation at the earliest possible phase of production. 


5696 


PREDICTING SYSTEM RESPONSE 


From component responses 


ne E E 
ы 112238 


2 times + 
the Fiber Photodiode 


= System Response 


LIGHTWAVE COMPONENT A! 


Penficured ta moative « Ieur.” 


Py om 


Test Laser 
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Lightwave source for calibration 


The measurement of lightwave components is critical to 
the design and evaluation of communication systems 
transmitting at Gbit/second speeds. The measurement 
needs are similar to traditional S-parameter measure- 
ments (transfer function and return loss), but because 
lightwave components such as lasers and photodiodes 
bridge optical signals to electrical signals, calibration is 
difficult. 


The HP 8702 lightwave component analyzer brings cali- 
brated transfer function measurements to lightwave 
much in the way an 8510 extends microwave measure- 
ments to millimeter-wave. In the HP 8702 system, a 
network analyzer is paired with a set of calibrated light- 
wave transducers, transferring the network analyzer 
measurements from RF carrier to lightwave modulation. 
Unique to the HP 8702 system is the ability to make a 
calibrated measurement of a laser of photodiode. 


Shown here is the block diagram for measuring a laser 
source. The laser source is modulated by varying the bias 
current across the diode junction. The measurement is 
calibrated bv rervovin the test laser, igsertine the HP 
83400 ligni wave source, and pertorming a lightwave cal- 
ibration. During the calibration, the 8702 measures the 
lightwave source and compares the measured data to the 
calibration data for the lightwave source, which is pro- 
vided on disc. Any difference is normalized out of the 
measurement. 
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LASER RESPONSIVITY 
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MATERIAL CHARACTERIZATION 


REFLECTION PORT (A) 1 2 — TRAMRASINON PORT (№) 


* Characterize dieiectric and absorptive properties; 
permittivity and permeability 
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* Accurate characterization of lossy and 
absorptive materials 
— full two-port error-correction 


* Compute complex permittivity and per- 
meability from S-parameter response 
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Replacing the test lasser, the HP 8702 displays the ratio 
between output modulation power and input RF current 
as a function of modulation frequency. 


Measurement of dielectric or absorptive materials has 
gained importance in communications and electromag- 
netic countermeasure applications. 


When measuring any low loss absorptive device, vector 
error-correction allows us to display the response more 
accurately. 


Equivalent permittivity and permeability can be calcu- 
lated from ine глеазигей S-pavarneier response. inis 
mathematical transformation is described in Hewlett- 
Packard Product Note 8510-3. 


MEASUREMENT CONFIGURATION 


® Test fixtures for non-coaxial devices 


Coaxial Measurement Setup 


АИ 


L. 
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MEASUREMENTS and APPLICATIONS 
* Broadband Passive Devices 
* Frequency Selective Devices 
* Frequency Translation Devices 
Active Devices 
Antennas 
Wavegulde Devices 


Special Applications 
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Like the measurement of a non-coaxial component, 

a fixture is needed to interconnect the network ana- 
lyzer and the material sample. Two common fixture 
types are shown here for mounting cylindrical or rec- 
tangular samples. Coaxial and rectangular waveguide 
fixtures are most useful due to their well-known trans- 
mission properties which can easily be isolated from 
the effects of the material sample. 


This completes our discussion of vector measurements 
and applications. 


Appendix I 
Frequency Domain Measurements 


Decibels (dB) 


The decibel is a logarithimic unit of measure for 
comparing two power levels. 


dB = 10 logio P,/P, 
P, — reference power level 


Decibels are also used to indicate absolute power levels (by 
adding a third letter to the notation). Absolute power levels 
can be obtained by assigning the reference power level 
some absolute power (e.g. 1 milliwatt, 1 watt). Decibels 
above 1 mw would be dBm (P, = 1 mw). 


dBm = 10 log, P;/(1 mw) 
P,-1mw 


ð Decibels in voltage can be derived from the original 
equation. 


P,/P, = [V:?/R)/[V;?/R;] 

dB = 10 logio [V;/V,P «[R,/R;] 

dB = 20 logio V;/V, — 10 logy R;/R, 
dB = 20 logio V,/V, when К, = R, 
In addition: 

dBV = 20 105 V; when V, = 1 volt 


Relationship between phase, frequency 
and length: 
y= —length/A А — wavelength 
$ = —360°.lengthef/c с= Ағ 

vy = c/ V (em) 


* Lengthphysicai) 


Аф = —360".lengthe Af/c 
length, = V (eit, 
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Group Delay 
t, = —do/dw = Lim o —A9/(360«Af) 
т; = —409/(360. Af) 


Minimum Af = Frequency span/ (#pts — 1) 


Reflection Measurements 


Zo = МЛ, 


Zo = V/A, Z = Vl 


у= ү tV, b-1 -l, 
Vj + V, = Zi, — 1) 

У; + У, = Z(V,/Zy — V,/Z,) 
Zoe У, + Zoe V, = 2+У, — ZV, 
Vi(Zg + Z) = V(Z, — Zo) 

V/V, = (Zi — Zo)/(Z + Zo) 
Ги. = 
р = ИЕ 
RL (dB) = —20log,, p 


Z—-7(ZtZ£ZY Z-n Г tL 17% 


Z, = R + jX (Resistive + Reactive) 


SWR = (1+p)/(1-p) 
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Typical Reflection Measurement Typical Transmission Uncertainty 
Uncertainty Equation Equation 

Magnitude: Magnitude: 

Дѕ = Systematic + Random + Drift Asz, = Systematic + Random + Drift 

Systematic = D + T,«sy, + М,*5 1.2 + М! *521а*512. + Systematic = C + T,«s;,, + М, *5па*5а + М,* 522. * 81а 
Am*Siia + А5213 

Random = V (Noise? + Connector Repeatability2) Random = V (Noise? + Connector Repeatability?) 

Noise = 3«N, + 3eNpeSija Noise = 3«N, + ЗМ, «5,1, 

еа repeatability = Е, + 2.511, + Port 1 Connector Repeatability = Ry «sj, + Ки иа* 21а 


Port 2 Connector Repeatability = Қу. + R,2°S224°S2)a 
Phase: 
Ag = Sin-\(As>,/s2,,) + Cable Phase Stability 


Port 2 connector repeatability = К,2*521* 512 


Phase: 
Ag = Sin-(As;/s,) + Cable Phase Stability 


Transmission 
Measurements 


РуванзмитеО 


ViTRANSMITTEO) 


Zoon) г 2 от 


* 7 Vuans/ Vinc 40(іп) — “o(out) 


Insertion Loss (dB) = —20log;, t т<1 $ 


Gain (dB) = 20log;o t 11 
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Appendix II 
Time Domain Measurements 


Response Resolutions 


Response resolution is the minimum spacing between two 
responses with which they are uniquely identifiable. It is 
specified as 10-90% rise time and 5096 impulse width. The 
resolution is a function of frequency span and pulse shape. 
The pulse shape is as set with the window function. 


Table 1. Response Resolution Formulas. 


NEN Minimum 


Low Pass Step 


Window 


Normal Maximum 


Low Pass Impulse 


Band Pass 


Normal Maximum 


Alias Free Range 


The alias free range is the longest delay that can be 
measured without ambiguity. It is the inverse of the 
frequency step used. 


Alias free range — na роту 
fstep fspan 


2 
o 
c 
= 
c 
8 
ш 
a 
s 
< 


300.0 kHz 26.5 GHz 


Frequency Span 


Figure 1. Alias Free Range. 
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Characteristic Responses 
Table 3. Characteristic responses. 


Low Pass Step 
Impedance Response 


Open 
R>Z, 


R<Z, 


Low Pass Impulse 
Response 


Shunt C 


Shunt L 
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Gating 


s When a response is isolated with gating, it is not abruptly cut off at the start and stop times. A band pass time filter is 
applied to minimize frequency domain distortion. The shape of the gate is selectable. 


Passband 


Gate 
Marker SU 
-6 dB 


Gate Start Gate Stop 


Gate Passband Sidelobe Cutoff Time Minimum 
Shape - Ripple Levels Т = Т; Gate Span T, 
Minimum + 0.40 dB -24 dB 0.6/fspan 1.2/fspan 
Normal +0.04 dB -45 dB 1.4/fspan 2.8/tspan 
Wide +0.02 dB -52 dB 4.0/fspan 8.0/fspan 
Maximum +0.01 dB - 80 dB 11.2/fspan 22.4/fspan 


Figure 2. Gate Shape. 
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Flow Graph Analysis 


1) KUHN, NICHOLAS, "Simplified Flow Graph Analysis," 
Microwave Journal, november, 1963. 


2) MASON, S.J., "Feedback Theory — Some Properties of 
Signal Flow Graphs," Proc. IRE, Vol. 41, pp. 1144-1156, 
September 1953. 


3) MASON, S.J., “Feedback Theory — Further Properties 
of Signal Flow Graphs," Proc. IRE, Vol. 44, pp. 920-926, 
July 1956. 


4) KUROKAWA, K., "Power Waves and The Scattering 
Matrix," IEEE MTT, Vol. 13 March, 1965. 


Accuracy Enhancement 


5) FITZPATRICK, JIM, “Error Models For Systems 
Measurement,” Micorwave Journal, May, 1978. 


6) Hewlett-Packard Product Note 8510-5, “Specifying 
calibration standards for the HP 8510 network analyzer", 
March 1986. 


7) Hewlett-Packard Application Note 326, “Coaxial 
Systems — Principles of microwave connector care (for 
higher reliability and better measurements)’, April 1986. 


8) FITZPATRICK, J. and WILLIAMS J., "Measuring 
Noninsertable Devices with an ANA", Microwave Systems 
News, pp 96-104, June 1981. 


9) Hewlett-Packard Product Note 8510-8, "Applying the 
HP 8510B TRL Calibration for Non-Coaxial 
Measurements”, August 1987. 


Applications 


10) Hewlett-Packard Product Note 8510-3, “Measuring 
Dielectric Constant with the HP 8510 Network Analyzer", 
August 1985. 


11) Hewlett-Packard Product Note 8510-2, "Radar Cross- 
Section Measurements with the HP 8510 Network Ana- 
lyzer", April 1985. 


12) Hewlett-Packard Product Note 8510-6, On-wafer meas- 
urements using the HP 8510 Network Analyzer and 
Cascade Microtech wafer probes”, May 1986. 


13) Hewlett-Packard Product Note 8510-1A, "Millimeter- 
Wave vector measurements using the HP 8510A Network 
Analyzer and HP millimeter-wave test sets”, March 1986. 


14) Hewlett-Packard Application Note 351, "Character- 
ization of High-speed Optical components with an RF 
network analyzer”, Febuary 1987. 


15) BOYLES, J., “Measuring a Dipole Antenna Radiation 
Pattern Using Time Domain and Gating”, RF Design, Sept 
1985. 


16) Hewlett-Packard Product Note 8510-7, “Amplitude & 


Phase Measurements of Frequency Translation Devices 
using the HP 8510B Network Analyzer”, August 1987. 
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